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Preface 


It  has  been  two  years  since  MRS  had  a  symposium  devoted  to  wide  band  gap 
semiconductors  (mostly  diamond  and  SiC).  The  1991  MRS  Fall  Meeting  was  the  first  time  that 
the  entire  spectrum  of  wide  band  gap  semiconductors  was  covered  at  an  MRS  meeting.  Wide 
band  gap  semiconductors  are  under  intense  study  because  of  their  potential  applications  in 
photonic  devices  in  the  visible  and  ultraviolet  pan  of  the  electromagnetic  spectrum,  and  devices 
for  high  temperature,  high  frequency  and  high  power  electronics.  Additionally,  due  to  their 
unique  mechanical,  thermal,  optical,  chemical,  and  electronic  propenies  many  wide  band  gap 
semiconductors  are  anticipated  to  find  applications  in  thermoelectric,  electrooptic,  piezoelectric 
and  acoustooptic  devices  as  well  as  protective  coatings,  hard  coatings  and  heat  sinks. 

Material  systems  covered  in  this  symposium  include  diamond,  II-VI  compounds,  III-V 
nitrides,  silicon  carbide,  boron  compounds,  amorphous  and  microci'ystalline  semiconductors, 
chalcopyritos.  oxides  and  halides.  The  various  papers  add..'ssed  recent  experimental  and 
theoretical  developments.  They  covered  issues  related  to  crystal  growth  (bulk  and  thin  films), 
structure  and  microstructure,  defects,  doping,  optoelectronic  properties  and  device  applications. 
A  theoretical  session  was  dedicated  to  identifying  common  themes  in  the  heteroepitaxy  and  the 
role  of  defects  in  doping,  compensation  and  phase  stability  of  this  unique  class  of  materials. 
Important  experimental  milestones  included  the  demonstrations  of  bright  blue  injection 
luminescence  at  room  temperatures  from  junctions  based  on  Ill-V  nitrides  and  a  similar  result 
from  multiple  quantum  wells  in  a  ZnSe  double  heterojunction  at  liquid  nitrogen  temperatures. 


Theodore  D.  Moustakas 
Jacques  1.  Pankove 
Yoshihiro  Hamakawa 
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ABSTRACT 

Advances  in  diamond  film  growth  have  prompted  us  to  study 
the  Interfaces  involved  in  this  process:  the  interface  with  the 
substrate,  and  the  growth  interface  with  the  ambient  hydrocarbon 
vapor.  Carbon  chemistry  lies  at  the  heart  of  the  properties  of 
both  interfaces,  and  much  of  the  relevant  chemistry  is  not  well 
understood.  We  report  here  the  energies  involved  in  some  ideal¬ 
ized  chemical  processes  that  may  be  important  in  the  growth  pro¬ 
cess.  Results  (Schottky  barriers,  interface  energies)  for  dia¬ 
mond/metal  interfaces  are  also  reported,  and  the  especially  unus¬ 
ual  diamond/nickel  results  we  have  recently  obtained  are  discus¬ 
sed  in  some  detail. 


INTRODUCTION 

In  the  process  of  diamond  growth  [1]  as  well  as  in  applica¬ 
tions,  there  are  two  interfaces  of  importance.  The  interface 
with  the  substrate,  which  strongly  influences  the  nucleation 
density  and  hence  the  film  morphology,  ultimately  determines  the 
electrical  and  thermal  properties  of  an  electronic  or  thermal 
management  application.  The  interface  with  the  hydrocarbon  vapor 
is  where  the  growth  takes  place,  and  has  been  the  subject  of 
considerable  attention,  both  experimental  and  theoretical.  In 
this  article  we  address  some  recent  theoretical  advances  in 
understanding  a  few  of  the  aspects  of  both  of  these  interfaces. 
Of  course,  actual  applications  will  also  be  strongly  influenced 
by  the  bulk  properties  of  the  diamond  material;  this  is  a  topic 
that  we  do  not  address  in  this  paper. 

The  recent  advancements  in  calculations  of  materials  proper¬ 
ties  have  been  highlighted  in  MRS  proceedings  [1],  which  demon¬ 
strate  that  many  properties  can  be  predicted  (often  from  first 
principles  methods)  and  great  improvements  in  the  understanding 
of  the  microscopic  processes  have  resulted.  It  is  natural,  and 
important,  that  these  methods  be  applied  to  emerging  fields  of 
science  and  technology,  such  as  diamond  and  other  wide  bandgap 
insulators  (the  subject  of  this  symposium)  or,  for  example,  the 
novel  fullerene  materials  discussed  elsewhere  at  this  conference. 
In  this  paper  we  address  diamond  properties,  which  involves  an 
understanding  of  the  chemistry  of  carbon  at  the  most  basic  level. 
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Basic  principles  and  concepts 

Since  the  recent  surge  in  growth  of  diamond  films,  much  pro¬ 
gress  has  been  made,  but  the  growth  of  near-perfect  diamond  mono¬ 
liths  that  will  be  necessary  for  many  optoelectronic  applications 
is  still  somewhere  in  the  future.  In  light  of  the  commonplace 
fabrication  and  application  of  silicon  chips  for  two  decades,  the 
question  arises:  in  what  way(s)  is  diamond  so  different  from 
silicon  (or  germanium,  for  that  matter)?  There  must  be  important 
differences;  after  all,  life  is  based  on  hydrocarbons  and  not  on 
hydrosilicons,  in  spite  of  the  abundance  of  available  silicon! 

In  many  ways  C  is  similar  to  Si.  Carbon  is  isovalent  with 
silicon,  it  forms  the  same  semiconducting  tetrahedrally  bonded 
crystal  structure,  and  their  bulk  electronic  band  structures  are 
Isomorphic,  with  both  materials  possessing  indirect  bandgaps  with 
the  conduction  band  minimum  about  75%  of  the  way  along  the  <100> 
direction  to  the  Brillouin  zone  (BZ)  boundary.  In  fact,  the  band 
structure  of  diamond  is  virtually  that  of  silicon  stretched  by  a 
factor  of  two:  the  valence  bandwidth  is  -24  eV  compared  to  sili¬ 
con's  12  eV,  and  the  direct  bandgap  throughout  the  BZ  is  approxi¬ 
mately  twice  the  3.5-5  eV  Si  value  [2].  Because  the  electronic 
gap  is  indirect  rather  than  direct,  the  factor-of-two  difference 
in  direct  gaps  translates  into  a  factor  of  five  difference,  5.5 
eV  vs.  1.17  eV,  in  electronic  gap  and  therefore  a  considerable 
difference  in  their  electronic  properties. 

Many  of  the  ways  in  which  diamond  differs  from  silicon  are 
directly  related  to  the  reasons  it  is  pursued  for  technological 
purposes:  it  is  much  harder  and  more  resilient  at  high 
temperatures,  it  is  transparent  to  higher  frequencies,  its 
thermal  conductivity  is  much  higher,  its  atomic  density  is  the 
highest  of  any  common  solid.  These  differences  derive  at  the 
most  basic  level  from  two  differences  between  the  C  and  Si  atoms: 
their  sizes,  and  the  characteristics  of  their  s  and  p  valence 
states.  The  valence  wavefunctions  peak  in  C  around  two-thirds  of 
the  radius  of  the  corresponding  peaks  in  Si;  this  accounts  for 
the  lattice  constant  of  diamond  being  only  2/3  that  of  Si  (and  an 
atomic  density  nearly  3.5  times  greater). 

In  addition  to  the  size  difference,  the  s  and  p  valence 
states  bear  a  different  relationship  in  the  two  atoms:  in  C  there 
are  no  core  p  states  for  the  valence  p  state  to  be  orthogonal  to, 
and  as  a  result  the  p  wavefunction  shares  more  strongly  the  same 
region  of  space  with  the  s  wavefunction  compared  to  the  case  in 
Si,  where  the  p  wavefunction  peaks  noticeably  beyond  the  s  wave- 
function.  In  addition,  Papaconstantopoulos '  tight-binding  fits 
[3]  to  diamond  and  Si  indicate  that  the  s  and  p  on-site  energies 
are  relatively  closer  in  energy  (after  being  scaled  down  by  the 
factor  of  two)  in  diamond  than  in  Si^  These  two  differences 
would  seem  to  make  for  a  more  ideal  sp  hybrid  bond  in  diamond; 
whether  or  not  this  is  the  fundamental  reason,  the  diamond  bond 
strength  is  considerably  greater  than  in  Si. 

The  diamond  covalent  bond  strength,  and  its  large  atomic 
density,  and  small  atomic  mass  all  contribute  to  its  properties, 
and  particularly  to  its  nucleation  and  growth.  Their  interrela¬ 
tionships  are  undoubtedly  complicated  and  certainly  are  not  well 
understood  at  present.  Perhaps  keeping  some  of  these  basic  pro¬ 
perties  in  mind  can  help  us  in  understanding  the  interface  behav¬ 
ior  of  diamond  as  it  is  steadily  revealed  by  experiment  and  by 
calculation. 
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Numerical  Electronic  Structure  Studies 

Below  we  provide  some  results  and  analysis  of  density  func¬ 
tional  calculations  carried  out  in  the  local  (spin)  density  ap¬ 
proximation  (LDA) .  This  highly  successful  calculational  method 
has  been  reviewed  in  detail  elsewhere  [4),  and  our  specific 
methods  of  calculation  [5-7]  have  also  been  described  previously. 
We  only  note  that  all  calculations  have  been  carried  out  with 
full  potential  (no  shape  approximations)  self-consistent  methods, 
since  this  factor  is  very  important  in  dealing  with  the  low  sym¬ 
metry  situations  encountered  at  surfaces  and  interfaces.  The 
results  for  chemical  processes  at  the  diamond  "surface"  have  in 
fact  been  obtained  using  carbon  clusters  [8]  in  which  dangling 
bonds  at  the  cluster  edges  are  capped  off  by  hydrogen  atoms. 
This  procedure  removes  the  dangling  bond  states  from  the  gap  re¬ 
gions  and  restores  the  carbon  atoms  to  a  more-or-less  bulk  dia¬ 
mond  environment.  An  example  of  such  a  cluster  is  shown  in 
Fig.l.  The  results  for  the  diamond-metal  interfaces  are  obtained 
with  the  superlattice  geometry  [4],  as  is  almost  always  the  case 
in  such  theoretical  studies. 


HYDROCARBON  PROCESSES  AT  THE  DIAMOND  SURFACE 

Rather  little  is  known  at  present  about  the  microscopic  pro¬ 
cesses  governing  diamond  nucleation  and  growth,  but  models  have 
been  suggested  that  provide  at  least  straw  men  to  be  confronted. 
Tsuda  et  al.  [9]  laid  out  a  mechanism  that  relies  primarily  on 
the  addition  of  methyl  radicals  to  the  (ill)  surface,  and  assumes 
that  the  methyl-terminated  surface  is  energetically  stable. 
Frenklach  and  Spear  [10]  have  suggested  a  model  that  depends  on 
the  addition  of  acetylene  molecules  to  the  diamond  surface. 
Harris  [11]  has  introduced  a  model  based  on  methyl  radical  ad¬ 
sorption  on  the  (110)  surface.  Yarbrough  [12]  has  provided  en¬ 
lightening  discussions  of  these  models  and  of  the  additional  fac¬ 
tors  that  arise  in  the  growth  process.  In  light  of  the  difficul¬ 
ty  in  observing  chemical  processes  at  the  diamond  surface  (espec¬ 
ially  in  the  presence  of  a  plasma)  these  models  require  theoret¬ 
ical  studies  of  elementary  chemical  reactions  at  the  diamond  sur¬ 
face  to  ascertain  whether  they  are  viable  possibilities.  We  have 
obtained  results  for  a  number  of  these  situations,  some  of  which 
we  review  here. 


Adsorption  of  methyl  species 

Adsorption  of  a  methyl  radical  CHj  onto  a  dangling  bond  on 
the  diamond  (111)  surface  results  in  a  calculated  bond  length  of 
2.92  a.u.,  within  1%  of  the  (calculated  and  experimental)  C-C 
spacing  in  diamond,  and  a  binding  energy  of  4.5  eV.  Evidently 
this  is  a  perfectly  placed,  tetrahedrally  bonded  C  atom  ideally 
suited  to  continuing  the  diamond  surface.  However,  the  umbrella¬ 
like  structure  of  three  H  atoms  comes  into  play  as  more  methyl 
radicals  are  considered. 

When  we  allow  a  second  methyl  radical  to  bond  to  a  dangling 
bond  next  to  the  first  adsorption  site,  steric  repulsion  between 
the  neighboring  H  umbrellas  occurs.  We  calculate  the  difference 
in  energy  between  two  isolated  adsorbed  methyls  and  two  neighbor¬ 
ing  methyls  (substantially  relaxed  but  not  completely  so)  to  be 
0.7  eV;  this  is  (an  upper  limit  to)  the  energy  of  steric  repul¬ 
sion.  Compared  to  the  (calculated)  C-C  bond  energy  of  4.5  eV, 
this  is  a  rather  small  price  to  pay,  if  it  is  one  of  few  process- 
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Figure  1.  An  example  of  a  cluster  used  to  study  the  adsorption  of 
a  methyl  radical  (above)  on  a  diamond  (111)  surface.  Large  balls 
denote  carbon  atoms;  small  balls  indicate  hydrogen.  For  clarity, 
many  bond-capping  hydrogens  at  the  edges  and  bottom  of  the  clus¬ 
ter  have  not  been  shown. 


es  available.  Therefore  we  expect  neighboring  adsorbed  methyls 
on  the  (111)  surface  to  be  an  energetically  allowed  configura¬ 
tion. 

We  next  considered  the  situation  of  three  adjacent  methyl 
groups.  Allowing  the  nine  H  atoms  of  the  three  umbrella  to  relax 
(within  the  constraint  of  C3.  symmetry)  leads  to  a  steric  repul¬ 
sion  of  3.65  eV  (again  an  upper  bound),  primarily  due  to  a  tri¬ 
angle  of  three  H  atoms  spaced  at  a  distance  of  2.6  a.u.  For  such 
a  configuration,  it  would  require  only  about  1  eV  to  break  a  C-C 
bond  and  liberate  a  methyl  radical  from  the  surface,  or  converse¬ 
ly,  only  1  eV  would  be  gained  by  adsorbing  the  third  methyl  group 
in  the  presence  of  the  other  two  and  a  neighboring  dangling  bond. 
Since  H  abstraction  reactions  {CH^  +  H  — >  CHj  +  Hj}  are  believed 
to  involve  0.5-0. 7  eV  [13]  and  occur  often,  islands  of  three 
methyl  groups  should  disappear  quickly  if  they  form.  Even  worse 
(for  this  model  of  diamond  growth),  reactions  in  which  H  would 
replace  one  of  the  three  methyl  groups  would  be  exothermic. 
These  considerations  lead  us  to  expect  that  triplets  of  methyl 
groups  on  the  diamond  surface  will  not  be  a  likely  enough  occur¬ 
rence  to  lead  to,  or  even  allow,  diamond  growth. 


Acetvlinic  species  at  the  diamond  surface 

It  requires  considerably  more  energy  (1.3  eV  by  our  calcul¬ 
ations,  0.9  eV  is  the  experimental  value)  to  break  a  C-H  bond  in 
acetylene  than  in  methane,  assuming  to  be  the  result  in  both 
cases.  This  result  suggests,  in  agreement  with  experimental 
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population  analyses,  that  the  concentration  of  acetylinic  radi¬ 
cals  in  the  vapor  is  considerably  less  than  that  of  methyl  radi¬ 
cals.  However,  since  diamond  growth  is  a  difficult  process  to 
nucleate  and  is  often  slow,  allowing  the  possibility  that  low 
concentration  species  may  be  important,  we  have  investigated  some 
acetylinic  chemical  processes. 

For  an  acetylene  radical  bonded  to  a  dangling  bond  on  the 
(111)  surface,  the  bond  length  is  calculated  to  be  2.76  a.u.,  5% 
smaller  than  the  bond  length  in  diamond.  Apart  from  the  "double 
bond"  character  suggested  by  the  bond  length,  this  process  leads 
to  an  extra  C  atom  that,  although  not  precisely  in  place  to  rep¬ 
licate  a  diamond  lattice,  is  bonded  to  one  C  atom  and  is  avail¬ 
able  for  further  chemical  processes. 

Frenklach  and  Spear  [10]  have  argued  the  importance  of  the 
acetylene  molecule,  which  is  expected  to  react  strongly  with  a 
dangling  bond.  In  fact,  their  mechanism  invokes  the  binding  in 
such  a  situation,  which  is  not  an  foregone  conclusion.  It  is  not 
easy  to  simulate  this  interaction  in  full  generality,  but  we  have 
studied  two  related  reactions.  First  we  allowed  the  interaction 
of  an  acetylene  molecule  with  a  dangling  bond  (simulated  in  this 
case  by  a  methyl  radical).  If  the  acetylene  is  constrained  to  be 
rigid,  the  reaction  is  repulsive,  but  if  the  intra-acetylene  C-C 
length  is  allowed  to  adjust  binding  will  occur,  but  it  is  very 
weak. 

Secondly,  we  were  able,  using  newly  developed  numerical  al¬ 
gorithms  that  calculate  the  forces  on  atoms,  to  allow  the  three 
C  atoms  and  the  two  acetylene  H  atoms  to  relax  as  the  chemical 
interaction  proceeded.  Substantial  relaxation  occurred;  one 
acetylene  C  bonded  to  the  dangling  bond  carbon  atom  (at  a  dis¬ 
tance  2.87  a.u.  very  close  to  bulk  diamond),  and  the  acetylene 
assumed  a  vinyl-like  bent  configuration  with  a  chemically  active 
site  on  the  other  acetylinic  C.  The  binding  energy  was  calcula¬ 
ted  to  be  1.9  eV.  Geometrically,  the  resulting  configuration  ap¬ 
pears  to  be  favorable  for  further  processes  that  could  extend  a 
diamond  lattice. 


Improved  energies  with  generalized-gradient  LDA. 


Although  we  have  not  emphasized  it  above,  LDA-based  calcu¬ 
lations  tend  to  overestimate  molecular  binding  energies  by  rough¬ 
ly  10%  to  perhaps  20%.  For  many  purposes,  such  as  the  idealized 
studies  described  above,  this  overbinding  is  not  disastrous.  As 
studies  get  more  realistic  however,  this  inaccuracy  could  be  a 
problem  and  even  a  limitation  of  the  method. 

Fortunately,  a  microscopically  based  extension  using  not 
only  the  value  of  the  density  n(r)  to  obtain  the  exchange-correl¬ 
ation  potential  v,^(r)  but  the  gradient  dn(r)/dr  as  well,  has  been 
Introduced  by  Langreth  and  Mehl  [14],  extended  by  Perdew  and  Wang 
[15],  and  recently  perfected  by  Perdew  [16].  The  result  has  been 
shown,  by  the  extensive  collaboration  of  Perdew  et  al.  [17],  to 
give  a  very  considerable  improvement  in  the  predicted  energies  of 
atoms,  molecules,  surfaces,  and  solids.  These  references  should 
be  consulted  for  further  information  about  the  methods  and  gener¬ 
al  results. 

For  the  present  purposes,  the  important  implications  arise 
from  the  calculations  by  Pederson  and  Jackson  on  small  hydrocar¬ 
bon  molecules  that  are  reported  in  [17].  The  results,  shown  in 
Table  I,  demonstrate  that  energies  of  hydrocarbon  molecules  are 
vastly  improved,  by  a  factor  of  six,  by  the  gradient  corrections. 
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TABLE  I 

Comparison  of  the  calculated  atomization  energies  (in  eV)  of  five 
hydrocarbon  molecules,  in  Hartree-Fock  (HF) ,  local  spin  density 
(LSD) ,  and  generalized  gradient  (GG)  local  spin  density 
calculations,  compared  with  the  experimental  (EXP)  values  (with 
zero-point  vibrational  energy  removed) .  Also  shown  is  the  RMS 
error  per  bond  for  the  seven  molecules,  which  is  improved  with  GG 
by  a  factor  of  six  over  the  LSD  result.  The  density  functional 
calculations  were  performed  using  a  basis  of  18s,  9p,  and  4d 
even-tempered  Gaussians  on  each  atom  (65  basis  functions  per 
atom) .  The  experimental  numbers  are  from  dementi  and 


Chakravarty 

(reference 

given  below) 

• 

Molecule  t  < 

of  bonds 

HF 

LSD 

GG 

EXP 

1 

3.63 

4.89 

4.55 

4.75 

Cj  (AFM) 

1 

0.73 

7.51 

6.55 

6.36 

CjHj 

3 

13.00 

20.02 

18.09 

17.69 

CH^ 

4 

14.39 

20.09 

18.33 

18.40 

C2H4 

5 

18.71 

27.51 

24.92 

24.65 

C2H6 

7 

24.16 

34.48 

31.24 

31.22 

12 

45.19 

68.42 

61.34 

59.67 

RMS  error  / 

bond 

2.40 

0.67 

0.10 

— 

Experimental 

reference: 

E.  dementi 

and  S.  J 

.  Chakravarty,  J. 

Chem .  Phys . 

il,  2! 

(1990)  . 


TABLE  II 

Table  II.  Theoretical  interface  energies,  defined  as  the  energy 
for  the  interfacial  system  minus  the  bulk  energies  for  the  cor¬ 
responding  number  of  C  and  Ni  atoms,  for  both  (111)  and  (100) 
interfaces  and  both  "atop"  and  "in-hollow"  geometries.  The  pre¬ 
dicted  Schottky  barrier  heights  (SBH)  are  also  given. 

Interface  and  geometry  Interface  energy  (eV)  SBH  (eV) 


(Ill) 

in-hollow 

1.06 

0.84 

(111) 

atop 

0.97 

0.0 

(100) 

in-hollow 

1.92 

0.92 

(100) 

atop 

1.03 

0.0 
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and  that  the  energies  are  approaching  chemical  accuracy,  with  kms 
errors  of  0.1  eV  per  bond.  Although  the  gradient  corrected  func¬ 
tional  has  not  yet  been  applied  to  chemical  processes  at  the  dia¬ 
mond  surface  because  of  it  novelty,  its  application  can  be  done 
readily  in  any  future  calculations.  It  appears  that  very  accur¬ 
ate  energies  for  such  interactions  can  now  be  obtained. 


THE  DIAMOND-NICKEL  INTERFACE 

An  important  application  of  diamond  films  could  be  as  Schot- 
tky  barriers  in  electronic  components  that  are  more  stable  in 
high  power,  high  temperature  applications  than  are  currently 
available  Schottky  systems.  Even  for  applications  of  diamond 
films  as  wear-resistant  coatings  or  thermal  diffusers,  a  know¬ 
ledge  of  the  diamond-metal  interface  properties  is  important.  As 
a  first  step  in  understanding  diamond-metal  interfaces,  we  have 
carried  out  detailed  studies  [5,7,18,19]  of  the  diamond-nickel 
interface . 

Nickel  was  chosen  [5]  for  a  combination  of  reasons:  (1)  its 
lattice  constant  is  within  1.5%  of  that  of  diamond,  making  the 
lattice-matched  case  that  we  can  treat  a  realistic  model;  (2)  it 
is  not  a  carbide  former,  so  the  abrupt  interface  idealization 
that  we  study  is  a  reasonable  candidate  for  fabrication;  (3)  the 
Fermi  level  within  the  d-bands,  and  the  magnetism,  make  Ni  a 
potentially  much  richer  material  for  unusual  applications  than, 
for  example,  the  non-magnet ic,  sp-band  metal  Cu,  which  also  sat¬ 
isfies  the  previous  two  qualities.  In  addition,  we  have  been 
encouraged  by  experimental  attempts  to  grow  diamond  epitaxially 
on  Ni  [20-22].  Because  the  exchange  splitting  in  Ni  is  an  order 
of  magnitude  smaller  than  the  band  gap  of  diamond  we  have  ne¬ 
glected  it  in  our  calculations  up  to  this  time. 

We  have  completed  thorough  self-consistent  calculations  for 
abrupt  (100)  and  (111)  interfaces.  Growth  of  diamond  films  on 
nickel  up  to  the  present  time  probably  have  not  resulted  in 
abrupt  interface  [21]  (perhaps  there  is  net  yet  any  abrupt  inter¬ 
face  involving  diamond) ,  but  high  quality  polycrystalline  diamond 
films  have  been  grown  [20).  However,  there  seems  to  be  no  reason 
why  Ni  or  other  metals  could  not  be  deposited  on  clean  diamond 
surfaces  to  produce  abrupt  interfaces.  For  both  (100)  and  (111) 
interfaces,  we  have  treated  two  possibilities  for  C-Ni  bonding 
configurations  at  the  interface:  one  in  which  the  C  atom  at  the 
interface  is  kept  four-fold  coordinated,  emphasizing  covalent 
tetrahedral  bonding,  and  one  in  which  the  C  atom  is  more  highly 
coordinated,  more  consistent  with  a  metallic  type  of  bonding.  We 
refer  to  these  as  "atop"  and  "in-hollow"  geometrical  configura¬ 
tions,  respectively.  In  all  cases  the  energy  has  been  minimized 
with  respect  to  the  most  important  structural  parameter,  the  dis¬ 
tance  between  the  C  and  Ni  layers  at  the  interface. 


Interface  energies  and  stability 

Our  results  can  be  stated  succinctly:  for  both  (100)  and 
(111)  interfaces  the  "atop"  geometry,  in  which  covalent  tetra¬ 
hedral  configurations  are  emphasized,  is  energetically  more  sta¬ 
ble  than  the  metallic  "in-hollow"  geometry.  This  strongly  sug¬ 
gests  that  satisfying  the  C  atom's  dangling-bond  states  at  the 
interface  is  an  important  consideration.  At  the  onset  this  re¬ 
sult  was  not  at  all  obvious.  Certainly  it  should  be  important  to 
attend  to  the  dangling  bond  states  if  possible,  but  it  is  not 
clear  that  Ni  can  do  so  in  any  case:  these  dangling  bonds  are  the 


result  of  a  strong  covalent  mixture  of  the  C  s  and  p  states  which 
in  bulk  diamond  are  spread  over  an  occupied  valence  band  region 
24  eV  wide,  while  Ni  has  primarily  d  states  (with  some  s  admix¬ 
ture)  spread  only  over  4  eV  below  the  Fermi  level  Ep.  Therefore 
it  could  be  the  case  that  the  dangling  bonds  cannot  be  accommo¬ 
dated  regardless  of  how  the  adjacent  Ni  layer  is  positioned. 
Whatever  the  reasons,  and  they  are  difficult  to  determine  unique¬ 
ly,  the  tetrahedrally  coordinated  C  atom  at  the  interface  is 
found  to  be  preferred.  The  interfaces  energies  for  both  inter¬ 
faces  and  for  both  geometries  are  given  in  Table  II. 


Schottkv  barrier  heights 

Our  predicted  Schottky  barrier  heights  for  all  four  cases 
are  also  presented  in  Table  II.  The  Schottky  barrier  discussed 
here  is  the  separation  of  the  Ni  Fermi  level  and  the  diamond  va¬ 
lence  band  maximum,  which  is  the  intrinsic  barrier  to  conduction 
in  p-type  diamond.  The  interfaces  are  ohmic  (barrier  height  of 
less  than  0.1  eV)  for  both  cases  in  which  tetrahedral  coordina¬ 
tion  of  the  C  atom  at  the  interface  is  enforced.  The  Schottky 
barrier  heights  are  -0.9  eV  for  the  more  metallically  coordinated 
interfaces. 

These  results  are  quite  unusual  in  two  ways.  First,  the 
prediction  of  an  intrinsic  ohmic  barrier  is  unexpected,  since  in 
the  considerable  variety  of  local  density  calculations  of  Schot¬ 
tky  barrier  heights  for  Si,  Ge,  GaAs,  and  a  few  other  semicon¬ 
ductors  the  barrier  height  is  always  (to  our  knowledge)  a  signif¬ 
icant  fraction  of  the  band  gap  of  the  semiconductor.  The  com¬ 
plete  vanishing  of  the  barrier  height  indicates  that  diamond  is 
displaying  novel  barrier  formation  behavior  not  found  previously 
in  studies  on  abrupt  interfaces. 

Secondly,  the  difference  in  barrier  heights  of  nearly  1  eV 
between  the  high  and  low  coordination  geometries  is  also  unanti¬ 
cipated.  Although  the  number  of  Schottky  systems  in  which  the 
geometry  has  been  varied  is  relatively  few,  again  we  are  unaware 
of  such  a  considerable  dependence  on  the  character  of  the  bonding 
across  the  interface.  Together  with  the  vanishing  of  the  Schott¬ 
ky  barrier  for  the  tetrahedral  coordination,  this  result  suggests 
novel  bonding  behavior  is  occurring  at  the  diamond-nickel  inter¬ 
face.  We  have  also  obtained  similar  results  for  Cu  and  for  A1 
instead  of  Ni  (in  less  extensive  calculation.),  so  the  peculiar¬ 
ity  seems  to  be  associated  with  the  diamond  itself. 

To  address  the  basis  of  this  behavior  we  have  studied  the 
interface  band  structure  in  some  detail,  as  well  as  that  of  an 
ideal  (i.e.  unrelaxed  and  unrecons'  'ucted)  (111)  diamond  surface. 
For  the  surface  the  dangling  bonds  give  rise  to  a  partially  occu¬ 
pied  surface  band  that  fixed  the  Fermi  level  1  eV  above  the  va¬ 
lence  band  maximum.  The  corresponding  interface  bands,  presented 
and  discussed  at  more  length  in  Ref.  [19],  strongly  mix  with  Ni 
3d  states  near  the  Fermi  level,  producing  a  pair  of  interface 
bands  that  are  near  or  in  the  gap. 

The  upper  band  is  unoccupied  and  does  not  influence  the 
results.  The  lower  band  is  partially  occupied,  however,  and  is 
energetically  lower  for  the  tetrahedral  geometry  than  for  the  in¬ 
hollow  geometry,  much  as  a  bonding  combination  would  be.  ihis 
lowering  of  the  active  interface  band  results  in  the  lowering  of 
the  Schottky  barrier  height  and  likely  is  a  strong  influence  in 
the  energetic  stabilization  of  the  tetrahedrally  coordinated 
interface. 


The  electronic  structure  of  these  novel  diamond-metal  inter¬ 
faces  has  been  [18],  or  will  be  [19],  discussed  elsewhere.  How¬ 
ever,  this  short  discussion  should  make  clear  that  the  diamond 
Schottky  barrier  is  presenting  us  with  an  exciting  scientific 
questions  as  well  as  posing  an  important  technological  problem. 
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ABSTRACT 

A  new  technique  has  been  developed  to  grow  semiconductor  grade  diamond 
substrates  with  dimensions  comparable  to  those  of  currently  available  Si  wafers. 
Previously,  the  synthetic  single  crystal  diamond  that  could  be  grown  measured  only  a 
few  millimeters  across,  compared  with  single  crystal  Si  substrates  which  typically  are 
10  to  15  cm  in  diameter.  In  the  technique  described,  an  array  of  features  is  first 
etched  in  a  Si  substrate.  The  shape  of  the  features  matches  that  of  inexpensive, 
synthetic  faceted  diamond  seeds.  A  diamond  mosaic  is  then  formed  by  allowing  the 
diamond  seeds  to  settle  out  of  a  slurry  onto  the  substrate,  where  they  become  fixed 
and  oriented  in  the  etched  features.  For  the  experiments  reported,  the  mosaic 
consists  of  seeds  ~  100  pm  across  on  100  pm  centers.  A  mosaic  film  is  obtained  by 
chemical  vapor  deposition  of  homoepitaxial  diamond  until  the  individual  seeds  grow 
together.  Although  these  films  contain  low  angle  (<1“)  grain  boundaries,  smooth, 
continuous  diamond  films  have  been  obtained  with  electronic  properties  substantially 
better  than  those  of  polycrystalline  diamond  films  and  equivalent  to  those  of 
homoepitaxial  single  crystal  diamond  films.  The  influence  of  growth  conditions  and 
seeding  procedures  on  the  crystallographic  and  electronic  properties  of  these  mosaic 
diamond  films  is  discussed. 


INTRODUCTION 

The  ability  to  fabricate  diamond  has  been  the  elusive  goal  of  scientific 
researchers  and  their  alchemist  predecessors  for  over  2000  years  (1].  Numerous 
different  techniques  have  been  tried,  with  little  success  [2].  Only  within  the  last 
50  years,  with  the  discovery  of  various  high  pressure  techniques  [3,4],  has  it  at  last 
been  possible  to  reproducibly  fabricate  single  crystal  diamond  materials.  The 
materials  that  result  from  these  processes  can  be  of  excellent  quality,  in  some  cases 
better  than  natural  diamonds  [5].  The  synthetic  diamonds  are  quite  small,  however, 
usually  much  less  than  1  cm  in  their  largest  dimension  and  typically  in  the  range  of  a 
few  micrometers  to  less  than  a  millimeter.  Such  diamonds  are  generally  fabricated 
for  use  as  abrasives  in  industrial  materials  processing  applications. 


t  This  work  was  sponsored  by  the  Michigan  Research  Excellence  Fund  through  the 
Institute  for  Manufacturing  Research  at  Wayne  State  University  and  by  SDIO/OST 
through  the  Office  of  Naval  Research. 
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During  the  last  half  century,  researchers  have  also  sought  to  fabricate  diamond 
materials  using  low  pressure  processes  [6,7],  and  some  limited  success  has  been 
realized.  Research  during  the  last  10  to  15  years  has  resulted  in  the  ability  to 
fabricate  small  area  polycrystalline  diamond  films  and  subsequently  the  capability  of 
making  large  area  polycrystalline  thin  films  by  several  different  methods  [8].  Even 
though  these  polycrystalline  thin  film  diamond  materials  have  been  achieved  only 
recently,  they  are  no  longer  just  laboratory  curiosities.  Such  films  have  become 
interesting  and  valuable  materials  in  the  early  stages  of  a  broad  applications 
development  phase. 

To  be  able  to  use  the  properties  of  diamond  to  the  maximum  extent,  methods 
need  to  be  developed  to  facilitate  the  growth  of  large  area,  single  crystal  diamond 
sheets.  Such  sheets  would  allow  utilization  of  the  high  thermal  conductivity,  great 
mechanical  strength,  and  unique  electronic  properties  of  diamond.  The  work 
reported  here,  which  addresses  only  a  small  aspect  of  diamond  properties,  is  one 
such  attempt.  It  is  the  result  of  a  focused  research  effort  in  diamond  materials 
development  directed  toward  microelectronics  applications.  The  work  emphasizes 
the  development  of  semiconductor  grade  diamond  for  application  in  the  new  area  of 
high  speed,  high  power  diamond  microelectronics.  The  materials  being  developed 
will  also  have  spin-off  applications  in  the  area  of  thermal  management  of 
conventional  semiconductor  device  materials,  such  as  Si  and  GaAs,  and  in 
mechanical  applications  areas.  Indeed,  the  new  large  area  mosaic  diamond 
materials  discussed  here  are  near  single  crystal  quality  and  will  be  potentially  usable 
in  many  new  applications  areas. 


SUBSTRATE  PREPARATION 

Mosaic  diamond  films  are  made  from  small,  inexpensive  (about  $1  per  carat) 
diamond  abrasive  crystals  fixed  on  a  patterned  Si  substrate.  The  first  major  step  in 
the  preparation  of  the  substrate  is  to  photolithographically  pattern  an  etch  mask  onto 
the  (100)  surface  of  a  Si  wafer.  To  do  this,  the  outer  surface  of  the  Si  wafer  is 
thermally  oxidized  to  a  depth  of  1 00  nm.  A  layer  of  photoresist  is  then  applied  to  the 
oxidized,  polished  side  and  exposed  to  form  an  array  of  squares  (Fig.  1 ).  In  this  case, 
the  squares  are  initially  sized  so  that  the  final  etched  pits  are  90  pm  square  on 
1 00  pm  centers.  It  is  important  to  size  the  apertures  in  the  photoresist  to  allow  for  the 
undercut  of  the  SiOz  mask  during  etching.  The  SiOz  mask  layer  is  then  patterned 
through  the  resist  (Fig.  2)  using  an  appropriate  etchant,  such  as  HF  or  BHF. 

The  Si  wafer  is  selectively  etched  through  the  oxide  mask  on  the  Si  (100) 
surface  by  immersing  the  wafer  in  a  solution  of  either  10%  (CH3)4NOH  or  25%  KOH 
(by  weight)  in  water  at  90  °C  [9]  (Fig.  3).  Over  a  period  of  several  hours,  tetrahedral 
pits  are  formed  in  the  volume  of  the  Si  wafer.  The  wafer  is  then  removed  from  the 
selective  etching  solution,  and  the  SiOz  mask  layer  is  stripped  off  with  an  HF  solution. 

At  this  point,  a  decision  needs  to  be  made  whether  or  not  to  add  a  diamond 
nucleation  inhibition  layer  to  the  Si  wafer  surface.  Such  a  layer  must  be  considered 
because  of  the  differential  nucleation  and  growth  of  diamond  during  the  growth 
phase.  If  the  conditions  in  the  reactor  and  at  the  surface  of  the  mosaic  water  are 
appropriate,  diamond  growth  will  occur  on  both  the  mosaic  of  seeds  and  on  the 
patterned  wafer  between  the  seeds.  On  the  seeds,  the  growth  is  homoepitaxial  as  is 
desired.  On  the  wafer,  however,  the  growth  is  polycrystalline  and  can  obstruct  the 
formation  of  clean,  low  angle  grain  boundaries  as  the  seeds  expand  to  closure. 

The  rate  at  which  the  polycrystalline  diamond  phase  nucleates  on  the  patterned 
Si  wafer  surface  is  highly  dependent  on  the  nature  of  the  surface,  the  specific 
preparatory  steps  used  prior  to  the  diamond  growth,  and  the  initial  and  sustained 
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conditions  experienced  by  the  mosaic  substrate  in  the  growth  reactor.  Here,  we 
describe  two  fundamentally  different,  but  complementary,  technologies  [10,1 1)  for  the 
growth  of  mosaic  diamond  materials.  The  technology  developed  at  MIT  Lincoln 
Laboratory  uses  a  hot  filament  chemical  vapor  deposition  (HFCVD)  system  (12).  The 
technology  developed  in  the  Institute  for  Manufacturing  Research  at  Wayne  State 
University,  based  on  a  microwave  approach,  uses  a  microwave  plasma  enhanced 
chemical  vapor  deposition  (MPECVD)  system.  The  details  of  the  MPECVD  system 
are  discussed  elsewhere  [13], 

In  the  HFCVD  system,  at  least  one  set  of  conditions  exists  where  the 
homoepitaxial  diamond  growth  on  the  seeds  is  faster  than  the  growth  of  the 
polycrystalline  diamond  on  the  patterned  Si  wafer.  This  results  in  the  homoepitaxial 
diamond  material  on  the  seeds  overgrowing  the  polycrystalline  diamond  on  the  wafer 
and  eventually  forming  a  continuous,  near  single  crystal  diamond  film. 

In  the  MPECVD  system,  a  different  approach  has  been  adopted.  With  the 
prevailing  growth  conditions  in  the  MPECVD  reactor,  the  homoepitaxial  diamond 
forrr.s  on  the  seeds  at  a  rate  comparable  to  that  of  the  polycrystalline  diamond  on  the 
wafer  between  the  seeds.  If  the  polycrystalline  diamond  is  allowed  to  nucleate  and 
grow  freely,  the  homoepitaxial  diamond  formation  on  the  seeds  is  limited  in  extent  by 
the  polycrystalline  diamond  formation  on  the  wafer.  The  solution  to  this  problem  was 
found  in  some  earlier  selective  nucleation  studies  [14].  In  these  studies,  oxidation 
and  plasma  cleaning  of  the  Si  wafer  surface  before  the  diamond  deposition  were 
found  to  significantly  reduce  the  number  of  spurious  polycrysfalline  diamond  nuclei 
that  form  on  the  Si  surface.  The  nucleation  suppression  is  accomplished  by  the 
application  of  a  100  nm  layer  of  thermal  oxide  to  the  unseeded  substrate  after  the 
formation  of  the  etched  tetrahedral  pits  (Fig.  4)  and  prior  to  seeding. 

The  diamond  seeds  used  in  this  process  are  small  abrasive  grains  that  are 
readily  available  [15]  for  industrial  materials  processing  applications.  At  this  time  the 
role  of  diamond  seed  quality  is  still  being  determined,  and  will  probably  need  to  be  a 
major  consideration  in  the  future  for  the  formation  of  thick  diamond  materials  for 
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thermal  or  optical  applications.  For  current  microelectronics  applications  research, 
where  the  initial  growth  to  planarity  forms  a  diamond  substrate  and  the  active  layers 
(a  few  micrometers  thick)  are  deposited  on  top  of  that  growth,  it  is  not  a  major  factor. 

For  the  present  research,  the  diamond  seeds  are  sorted  by  size  and  shape, 
selecting  those  that  are  ~  100  pm  on  an  edge  and  as  close  to  octahedral  (truncated 
octahedra)  as  possible.  The  seeds  are  cleaned  in  hot  (350  to  400  "C)  NaNOa  for 
10  min,  immersed  in  a  concentrated  solution  of  HF  and  HNO3  for  another  10  min, 
and  then  rinsed  in  deionized  water  and  acetone  and  dried.  The  seeds  are  then 
suspended  in  a  slurry  using  hot  H2SO4,  concentrated  HF,  or  an  organic  solvent  and 
0.01%  novolac  polymer.  The  polymer  acts  as  a  glue  to  fix  the  well-faceted  seeds  in 
the  pits.  (For  additional  details  on  this  process,  see  reference  9.) 

A  batch  of  slurry  can  be  reused.  After  a  few  seeding  runs,  however,  the  grains 
should  be  recleaned  and  a  new  slurry  made.  Residual  seeds  from  a  slurry  should  be 
reexamined  for  shape,  since  the  best  formed  octahedra  tend  to  be  selected  out  in  the 
seeding  process  and  only  the  less  well  shaped  seeds  remain.  After  the  seeding  and 
before  the  new  diamond  growth,  the  wafer  is  baked  at  350  °C  and  then  cleaned  either 
in  an  oxygen  plasma  at  15  mTorr  or  by  reactive  ion  etching  for  a  few  minutes.  Figure 
5  shows  a  schematic  drawing  of  an  oxidized  seeded  substrate.  Figure  6  shows  a 
scanning  electron  micrograph  (SEM)  of  an  oxidized  seeded  substrate,  in  which  both 
empty  and  seeded  tetrahedral  pits  can  be  seen. 


SEED  ALIGNMENT 

The  successful  fabrication  of  near  single  crystal  quality  diamond  materials 
using  the  large  area  mosaic  diamond  technique  depends  initially  on  three  factors: 
the  shape  of  the  seeds  and  the  accuracy  of  the  rotational  and  the  axial  (vertical)  seed 
orientation  after  placement.  For  well-faceted  seeds,  the  rotational  alignment  error 
between  the  (311)  plane  of  the  etched  Si  substrate  and  the  (311)  planes  of  the 
diamond  seeds,  as  determined  by  x-ray  diffraction  measurements,  is  typically  on  the 
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Fig.  5  Schematic  of  Oxidized,  Seeded 
Mosaic  Diamond  Substrate 


Fig.  6  SEM  of  Oxidized,  Seeded 
Mosaic  Diamond  Substrate 


order  of  1  °  or  less  (Fig.  7).  The  axial  orientation  alignment  error  for  the  diamond 
seeds  has  also  been  determined  by  x-ray  diffraction  studies  and  found  to  be  typically 
on  the  order  of  0.5°  or  less  (Fig.  8). 


MPECVD  GROWTH 

The  large  area  diamond  seeded  mosaic  substrates  used  in  this  work  were 
prepared  by  the  above  described  technique  at  Lincoln  Laboratory  with  the 
collaboration  of  Wayne  State  University.  The  homoepitaxial  diamond  growth  on  the 
substrates  was  performed  at  Wayne  State  University  using  MPECVD.  For  successful 
large  area,  near  single  crystal  diamond  sheet  growth,  modifications  needed  to  be 
made  to  the  as  received  MPECVD  equipment  [11],  and  new  process  parameters  and 
techniques  needed  to  be  developed.  The  initial  MPECVD  diamond  reactor  (16)  is 
shown  schematically  in  Fig.  9.  This  system  was  modified  by  the  Wayne  State 
University  diamond  laboratory  to  enhance  the  initial  polycrystalline  diamond 
deposition  capability.  A  modification  was  made  to  allow  the  system  to  utilize  multiple 
gases  (e.g.,  Ha,  CH4  ,  O2,  and  CO)  simultaneously.  In  addition,  the  susceptor 
assembly  was  remodeled  to  improve  deposition  uniformity  and  reproducibility  by 
incorporating  a  biasable  refractory  metal  susceptor  shield  (Fig.  10).  The  shield 
shrouds  the  susceptor  and  prevents  erosion  of  the  susceptor  material  by  reactive 
gases  in  the  chamber.  It  also  ensures  that  the  composition  of  the  desired  reactive 
gases  is  not  altered  by  gaseous  erosion  products  generated  by  the  susceptor.  A 
major  potential  source  of  reactive  gas  contamination,  undesirable  trace  materials  in 
tlie  susceptor,  is  thus  eliminated. 

The  seeded  substrates  are  inserted  into  the  reactor  substantially  as  received 
from  Lincoln  Laboratory.  The  reactor  is  pumped  down,  and  the  substrate  temperature 
is  raised  to  900  °C,  where  it  is  held  for  the  duration  of  the  process.  After  pump-down 
of  the  reactor  chamber,  a  substrate  is  prepared  tor  diamond  growth.  This  preparation 
starts  with  a  30  min,  900  seem  Ha  plasma  etch,  at  a  pressure  of  25  Torr  and  a  power 
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Fig.  7  Rotational  Alignment  of  Seeds 
and  Substrate 


Fig.  8  Axial  Alignment  (Tip  Angle)  of 
Seeds  and  Substrate 


Fig.  9  MPECVO  Diamond  Deposition  Fig.  10  Modified  MPECVD  Diamond 
System  Deposition  System  Showing 

Susceptor  Detail 


level  of  1  kW.  The  etch  is  used  to  clean  off  any  residual  contamination  on  the 
substrate,  and  if  has  been  observed  to  significantly  reduce  the  number  of  nucleation 
sites  available  for  the  formation  of  polycrystalline  diamond.  Next,  the  seeded 
substrate  receives  a  25  min,  400  W  plasma  substrate  passivation  treatment  in  a  gas 
mix  comprising  25  seem  O2,  50  seem  H2.  and  2000  seem  Ar,  at  a  pressure  of  25  Torr. 
This  passivation  treatment  reoxidizes  the  Si  surfaee  and  eleans  any  residual 
eontamination  off  the  diamond  seeds. 
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Once  the  sample  has  been  prepared  in  the  reactor,  the  next  step  in  the  growth 
of  a  large  area  mosaic  diamond  sheet  is  to  alter  the  reactor  gas  mix  to  yield  new 
homoepitaxial  diamond  growth  (111)  on  the  octahedral  diamond  seeds.  In  early 
experimentation,  both  at  Lincoln  Laboratory  and  Wayne  State  University,  it  was  found 
that  the  best  mix  for  growth  of  polycrystalline  diamond  also  grew  polycrystalline 
diamond  all  over  the  seeded  substrates.  The  best  polycrystalline  diamond  grown  at 
Wayne  State  University  in  the  MPECVD  system  was  on  a  diamond-bombarded  Si 
substrate  at  900  °C  with  a  gas  mix  of  990  seem  Ha  and  10  seem  CH4,  at  a  pressure  of 
45  Torr  and  a  power  of  1.5  kW.  In  order  to  grow  homoepitaxial  diamond  without  the 
polycrystaliine  diamond,  however,  the  gas  mix  had  to  be  changed  significantly.  The 
best  large  area  mosaic  diamond  grown  thus  far  was  with  900  seem  Ha, 12  seem  CH4 , 
and  4.5  seem  Oa,  at  a  pressure  of  50  Torr  and  a  power  of  1 .5  kW.  In  addition,  it  has 
been  found  necessary  to  periodically  refresh  the  diamond  nucleation  Inhibition  layer 
by  using  a  15  min,  400  W  plasma  substrate  passivation  treatment  in  a  gas  mix 
comprising  25  seem  Oa,  50  seem  Ha,  and  2000  seem  Ar,  at  a  pressure  of  25  Torr. 
Currently,  this  is  done  about  once  every  8  h,  which  Is  adequate  but  not  necessarily 
optimal.  Deviation  from  these  nominal  values  significantly  alters  the  character  and 
morphology  of  the  diamond  material  grown,  both  on  the  diamond  seeds  and  on  the  Si 
substrate.  A  detailed  presentation  of  the  nature  of  the  changes  and  their  analysis  will 
be  the  subject  of  a  future  paper. 


DIAMOND  MATERIALS  ANALYSIS 

The  large  area  mosaic  diamond  materials  grown  at  both  Lincoln  Laboratory  and 
Wayne  State  University  have  been  analyzed  by  various  techniques.  The  results 
presented  here  should  be  considered  preliminary,  since  the  deposition  processes  at 
both  facilities  are  currently  the  subject  of  active  research.  At  present,  because  of  the 
competing  mechanisms  within  the  reactor  that  tend  to  favor  the  growth  of 
polycrystaliine  and/or  nondiamond  materials,  the  reproducibility  of  the  growth  process 
for  large  specimens  is  difficult,  which  has  resulted  in  a  limited  number  of  high-quality 
samples.  The  largest  specimen  to  date  was  grown  at  Lincoln  Laboratory  by  HFCVD. 
It  is  approximately  1  x  2  x  0.025  cm  and  was  obtained  by  the  following  technique. 
First,  ~  1 00  pm  of  diamond  were  grown  on  a  seeded  substrate.  The  Si  portion  of  the 
seeded  substrate  was  then  etched  away  in  a  solution  containing  HF  and  HNO3.  After 
etching  and  cleaning,  an  additional  150  pm  of  homoepitaxial  diamond  was  grown  on 
the  side  previously  covered  by  the  Si  substrate.  This  process  completely  buried  the 
original  seeds  and  resulted  in  a  smooth  specimen  with  a  local  surface  roughness  of  a 
few  micrometers. 

Transmission  x-ray  diffraction  topographic  analysis  for  the  above  sample  was 
done  at  Lincoln  Laboratory  using  the  (040)  diamond  crystal  planes  (Fig.  11).  A 
portion  of  the  sample  was  analyzed  in  a  system  with  a  0.06°  angle  of  acceptance  and 
compared  with  a  contiguous  polycrystaliine  region  in  the  same  specimen  (Fig.  12). 
Regions  of  the  sample  where  the  diamond  (100)  plane  is  within  the  acceptance  angle 
show  on  the  topograph  as  very  dark.  Regions  in  which  angle  of  the  (100)  plane 
exceeds  the  acceptance  angle,  but  deviates  by  less  than  a  few  tenths  of  a  degree, 
show  as  darkened.  Within  the  limits  of  resolution  of  this  analysis,  no  major  difference 
could  be  found  between  the  measurements  for  the  HFCVD  large  area  mosaic 
diamond  sample  and  those  that  would  be  expected  for  comparable  single  crystal 
diamond. 

The  morphology  of  the  large  area  mosaic  diamond  material  analyzed  above, 
which  was  grown  in  the  HFCVD  system,  is  similar  to  that  of  material  grown  by 
MPECVD.  Both  materials  appear  smooth  and  uniform,  with  a  local  surface  roughness 


Fig. 11  Conllguratlon  Schematic  of  Fig.  12  Transmission  X-ray  Diffraction 

Transmission  X-ray  Diffraction  Topograph  of  HFCVD  Mosaic 

Topograph  Diamond 


Fig.  13  SEM  of  MPECVD  Mosaic  Fig.  14  Raman  Spectrum  of  MPECVD 

Diamond  Mosaic  Diamond  (Center) 


of  a  few  micrometers.  In  SEM  images,  it  is  difficult  to  find  the  grain  boundaries  in  the 
mosaic  diamond,  unless  one  looks  in  the  region  of  a  missing  seed.  In  the  SEM  of  a 
T-shaped  void  in  MPECVD-grown  diamond,  shown  in  Fig.  13,  it  can  be  seen  that  the 
material  grows  into  the  region  of  the  missing  seeds.  The  thickness  of  this  sample  is 
~  1 50  pm.  It  the  growth  process  were  continued,  the  voids  at  the  location  of  missing 
seeds  would  eventually  become  filled. 
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F(g.  15  Raman  Spectrum  of  MPECVO  Fig.  16  Device  Curves  for  HFCVD 
Mosaic  Diamond  (Edge)  Mosaic  Diamond 


The  microfocus  Raman  technique  [17)  has  been  used  to  analyze  the  mosaic 
diamond  material  grown  in  the  MPECVD  system.  Measurements  were  made  in 
regions  corresponding  to  the  nominal  axis  of  a  diamond  seed  (center)  (Fig.  14)  and  to 
the  space  between  the  seeds  (edge)  (Fig.  15).  Both  Raman  spectra  show  a  well- 
defined  peak  at  1332  cm'l  and  no  additional  peaks,  such  as  those  corresponding  to 
amorphous  or  graphitic  materials.  The  Raman  spectrum  for  the  diamond  material 
grown  at  the  boundary  between  seeds  (Fig.  15)  does  show,  however,  an  increased 
background  photoluminescence,  as  might  be  expected  in  a  region  of  higher  disorder. 
Raman  analysis  of  recently  grown  mosaic  diamond  shows  a  spectrum  similar  in 
quality  and  amplitude  to  that  of  natural  diamond. 

An  additional  method  for  testing  the  quality  of  large  area  mosaic  diamond 
materials  is  by  fabrication  of  microelectronic  devices.  At  Lincoln  Laboratory,  diodes 
have  been  fabricated  using  polycrystalline,  mosaic,  and  single  crystal  diamond 
(Fig.  16).  Based  on  the  initial  results,  the  mosaic  diamond  and  the  single  crystal 
diamond  devices  show  comparable  performance.  The  polycrystalline  diamond 
diodes,  however,  consistently  shorted. 


SUMMARY  AND  CONCLUSIONS 

A  new  method  has  been  developed  for  the  fabrication  of  large  area  diamond 
materials,  in  which  small  diamond  seed  crystals  are  oriented  on  an  etched  substrate 
and  then  grown  together  into  a  large,  near  single  crystal  quality  diamond  sheet.  X-ray 
and  Raman  analyses  of  materials  grown  by  this  technique  show  that  large  area 
mosaic  diamond  can  be  comparable  in  quality  to  natural  diamond.  Initial 
microelectronic  devices  fabricated  with  the  materials  support  this  conclusion. 
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ABSTR.\CT 

A  low  pressure  chemical  vapor  deposition  technique  using  water-alcohol  vapors  has  been 
developed  for  the  deposition  of  polyerystaJliiie  diamond  films  and  homoepitaxial  diamond  filtn.s. 
The  technique  uses  a  low  pressure  (0.50  -  1.00  Torr)  rf-induction  plasma  to  effcclively  dissoci¬ 
ate  the  water  vapor  into  atomic  hydrogen  and  OH.  Alcohol  vapors  admitted  into  the  chamber 
with  the  water  vapor  provide  the  carbon  balance  to  produce  diamond  growth.  At  1.00  7'orr. 
high  quality  diamond  growth  occurs  with  a  gas  phase  concentration  of  water  approximately 
equal  to  -17%  for  methanol,  66%  for  ethanol,  and  83%  for  isopropanoi  A  reduction  in  the  criti¬ 
cal  power  necessary  to  magnetically  couple  to  the  plasma  gas  is  achieved  through  the  addition 
of  acetic  acid  to  the  water;alcohol  solution.  The  lower  input  power  allows  lower  temperature 
diamond  growth.  Currently,  diamond  depositions  using  waier:methanol:acetic-acid  are  occur¬ 
ring  as  low  as  300  *C  with  only  about  500  W'  power  input  to  the  50  mm  diameter  plasma  tube, 

INTRODUCTION 

To  date,  diamond  films  produced  by  chemical  vapor  deposition  techniques  have  been 
grown  principally  using  heavy  dilution  of  organic  gasses  with  molecular  hydrogen.*  The  role 
of  molecular  hydrogen  to  the  process  is  manifold,  but  the  dissociation  of  molecular  hydrogen 
into  r  high  fraction  of  atomic  hydrogen  is  critical  to  diamond  stabilization  and  growth.  A 
plethora  of  techniques  have  been  applied  to  create  concentrations  of  atomic  hydrogen  sufficient 
for  high  quality  diamond  growth.  Typically,  these  techniques  involve  a  high-iemperaiure 
region  (hot-filament,  oxy-acetylene  torch,  microwave  plasma,  dc  arc  discharges,  etc,)  wherein 
high  dissociations  of  molecular  hydrogen  is  feasible.  Some  workers  have  avoided  the  use  of 
molecular  hydrogen  by  using  source  gasses  rich  in  oxygen.^"*®  Other  workers  have  augmented 
the  molecular  hydrogen  with  small  percentages  of  water. We  report  here  on  a  low  pressure 
rf-inductive  plasma-assisted  chemical  vapor  deposition  technique  for  the  growth  of  diamond 
which  uses  water  not  molecular  hydrogen  as  a  process  gas  stabilizing  diamond  growth  .Atomic 
hydrogen  necessary  for  diamond  growth  (in  thi.s  process)  is  supplied  from  plasma-dissocianon 
of  water  and  alcohol  vapors.  Unlike  previous  work,  addition  of  water  to  the  alcohol  is  neces¬ 
sary  to  produce  well-facetted  diamond  growth  in  this  low  pressure  rf-plasma  technique.®  Furth¬ 
ermore,  it  has  been  observed  that  addition  of  acetic  acid  to  this  CVD  process  enables  diamond 
growth  to  occur  at  reduced  rf  power  levels  and  consequently  at  lower  substrate  temperatures. 

EXPERIMENTAL  APPARATUS  AND  APPROACH 

A  description  of  the  chemical  vapor  deposition  system  used  in  this  work  has  been  previ¬ 
ously  reported. The  system  produces  diamond  from  both  traditional  Ho  -  CH^  mixtures  as 
well  as  the  water;alcohol:organic-acid  solutions.  The  system  consists  of  a  50  mm  id  plasma 
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;i|)prti(U‘<l  t<i  a  standard  six-way  cross  A  radio  I’rcqu^-ncy  MM/}  indiii'ti"n  cf  i!  ■<  u- 

))i<  s  |.H*Wf‘r  I'rotii  I  ln'  r!'  povviT  sii»'ply  inU/  the  pliisnia  discharge.  Samph-s  arr  lor  atcd  oh 
phiir  cari  HT  located  inuiicdiaU  ly  tindcnical li  the  iiidiictioii  plastna  i’lic  1 1' cX'  it  at  ton  iiitliK*  '- 
currenfs  in  the  graphite  .susceptor  which  serve  to  heat  the  sainp/e.  Sanif)|cs  ar<-  inf ri-di/crd 
inlu  the  vacuum  system  via  a  vacuum  load-lock  which  isolates  the  main  chamher  The 
(water,  alcohol,  acet  ic-acid )  are  introduced  into  the  chaml)er  through  a  haik  v;ilve  on  a  stfira^e 
tank  whicli  contains  sf>lutions  of  lh«‘  water/ alcohol  or  water,  acetic-acid  alcohol  \  aj)ojs  aho’.c 
the  hfpiul  are  pumped  from  the  storage  tank  into  the  growth  chaml»er.  'I’lie  vapor  pressure  of 
the  constituents  above  the  liquii;  should  l>e  a  produce  of  (heir  molar  concentration  and  their 
respective  vapor  pressures.  Water  and  alcohol  solutions  at  room  teiiifierat  lire  have  sijffnieni 
va[)or  pressures  to  supply  a  low  pressur**  ilischarge  (•  It)  dorr)  High  pressure  operatit.ns 
might  require  the  liquid  .sohitions  to  maintained  at  an  elevated  tem|)eralure  For  the  growihs 
reported  here,  vapors  from  various  volumetric  mixtures  have  been  evaluated  for  diamonri 
growth  d'he  leak  rate  into  the  growtii  ehaiiiber  from  the  so|uti*iris  results  in  a  loss  of  0  2 
cc  min  from  tiie  liquid  solutions.  While  there  will  be  some  defiletion  of  the  higher  va|>or  pres- 
sur*‘  component,  the  practice  of  mixing  allows  a  convenient  meihod  for  evaluating  diffr-rent 
ratios  of  water-loalcnhol  without  the  neeessily  of  a  g:is  manifold 

Samples  are  introduced  to  the  growth  system  through  a  vacuum  load  lock  Frn.>r  !•>  inser¬ 
tion.  samples  have  been  subjected  tc'  a  dianKUu]  abrtusjve  treatment  with  1  pm  diaiiHUul  paste 
to  enhance  rmcleation  Diamond  gr(.*wih  jiroceeds  liy  initiating  a  rf  induction  plasma  witli  siil- 
ficient  power  to  magnetically  couple  to  the  gius.  ,1.  Aniornm  et  al.^''  have  shown  that  rf  coils 
couple  to  the  plasma  gas  at  low  power  levels  ihroiigh  />field  coupling  .At  higher  power  levels, 
the  rf  coil  couples  power  to  the  [ilasma  gas  through  /Afield  coupling  The  /?*field  coupling  is 
characterized  by  an  intense  plasma  luminescence  from  a  region  of  higli  density  electrcuis,  -- 
10*’  cm  ■*,  The  A-field  coupling  at  l<.)wer  powa  rs  results  «Mily  in  a  h>w  density  plasma.  *- 
10*”  cm  witli  weak  pliusma  himinescence  Introduction  of  water  vapor  alone  to  a  low  pressure 
{1  0  Terr)  rf  inductive  discharge  results  In  intense  atomic  fl  emission.  The  water  plasma  has  a 
characteristic  red  color  iLssociated  with  atomic  I)  emission  at  Gofi  nm.  OH  emission  lines  are 
clearly  visible  but  not  a*s  dominant  as  ilie  atomic  H  emission  lines.  One  thus  observes  that 
water  discharges  are  capable  of  generating  ample  atomic  I!  ah-ng  with  OH  from  the  water  dis¬ 
sociation,  Atomic  O  lines,  if  pe’-eni  in  the  emission  spectrum,  are  minor  and  havi-  not  l.een 
identified  at  this  time.  Addition  of  alcohol  io  the  water  pla.'.ma  changes  the  color  of  the 
plasma  emission  to  a  bluer  spectrum  as  (’ll  and  CO  emissions  are  observed  along  with  the 
atomic  hydrogen  Balmer  lines. 

h:\PEUlMKNTAF  RESn/PS 

A.  VVaterialcohol  results 

We  hav  previously  reported  the  growth  of  polycrystalline  diamond  films  using 
water/methanol,  w'ater /ethanol,  or  water  isopropanol  mixtures  *”  In  that  work,  the  vapor  mix¬ 
ture  entered  the  deposition  .system  and  diffused  from  the  main  chamber  into  the  [)l:Lsma  lube 
The  vapors  were  not  admitted  into  the  system  through  the  plasma  gas  feed.  For  this  work,  the 
storage  bottle  containing  the  liquid  solutions  was  located  on  the  plasma  gas  feed.  Various 
water-alcohol  mixtures  were  us<  !  to  determine  the  effect  of  the  C’,  O  ratio  on  diamond  growth 
Figure  1  shows  SEM  micrographs  from  samples  deposited  at  I.O  Torr  from  volumetric  water- 
methanol  mixtures  ranging  from  80^r  methanol  to  33^  methanol.  The  results  for  80^7 
methanol  produce  poorly  faceted  diamond.  These  results  contrast  remarkably  from  the  work 
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i>y  hiick  ft  a!  and  H:><'hinanii  et  ul.  in  a  microwave  discharge  at  higher  pressures  using  IOO‘f 
mefliaii'd.  hi  that  work',  high  <ju:ili{y  diarnoiu}  w;is  obtained  from  only  iiieiliano!  hi  work, 
water  adiiiiion  to  the  methanol  is  critical  to  the  rormation  of  \vcl!-facete<l  <rysc ailiiH*  diainoiKi 
As  ohsirveil  in  I’lgure  1,  the  (jualily  of  diamond  growth  increases  xs  the  methanol  v<-liimelrif 
coneeiitrafion  is  re<hice(].  At  33‘'c'  niethaiioJ  in  the  water  soJiitjon.  well-farej ed  diamond 
growth  is  observed.  From  the  rcspeeiive  vapor  pressures  of  vvaier  an<l  nietiiaiKd  at  20  we 
estimate  the  vapor  pressures  of  water  and  nielhanol  to  be  11.7  and  3!  ">  'lorr,  rcsj)e<  lively, 
.above  flic  mcfh.tno*  mixlure.  lhc.s»»  vapor  prc.ssi>re.s.  one  rajrulales  ibe  ('  C  -  ().  the 

O  ()  •  II,  and  the  !!  (' ;  H  ratios  to  be  0.12,  0.22.  and  0.83.  respectively.  According  lo  the  (1o[k>' 
sit  ion  pliasc  diagram  of  Bachmann,  the  low  ratio  of  0,12  should  result  in  no  cliainorid 

growih  .\oncthclcsS.s,  thi.s  oxygen  rich  ratio  i.s  necc-ssary  for  rhaniond  growth  in  this  system 
As  noied  in  the  liachmann  work,  actual  gxs  phxse  concentrations  may  vary  <!ue  to  interactions 
of  the  plasma  with  the  carbonaceous  walls  of  the  reactor.  In  this  cxsc.  the  reactions  of  the 
w ,ucr-v.i|)or  pla.sma  with  the  graphite  .susceptor  undoubtedly  iiirrexse  the  carbon  concentra¬ 
tions  iti  (he  gas  pha.se.  The  graphite  susceptor  has  been  observed  to  be  etched  by  llic  waler- 
aleoiiol  discliarges  at  a  rate  of  25/h. 


33%  40% 


50%  80% 


Figure  1.  SEM  micrographs  from  diamond  films  deposited  from  various 
volumetric  concentrations. 
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H  Acet  ic-ac id ; water; met  hand  results 

ll  was  oi)served  that  diamond  growth  from  the  water-alcohol  solutions  required  less  rf 
|)ow(‘r  than  diamond  growth  from  more  traditional  The  lower  rf  power  most  likely 

w:us  a  consequence  of  the  water-methanol  have  low'cr  ionization  potentials  than  the  Ho  -  CH^. 
Water,  for  instance,  hits  an  ionization  potential  of  12.61  eV  as  compared  to  an  ionization  poten¬ 
tial  of  15. -43  eV  for  Ho.  Methanol,  for  instance,  has  an  ionization  potential  of  10. Sd  e\'  its  com¬ 
pared  to  ati  ionization  potential  of  12.6-1  eV  for  CH^.  The  lower  ionization  potentials  permit 
lower  rf  power  levels  to  be  applied  for  sufficient  plasma  ionization.  Correspondingly,  we  have 
observed  that  the  addition  of  organic  acids  to  the  water  solutions  substantially  reduces  the 
critical  power  necessary  to  magnetically  couple  to  the  plasma  gas.  It  is  suspected  that  these 
organic  molecules  have  even  lower  ionization  potentials  than  water. 

As  a  consequence,  diamond  growth  in  the  low-pressure  rf-induction  plasma  can  be 
evaluated  at  lower  substrate  temperatures  (through  reduction  in  the  induced  current  in  the 
graphite  sample  carrier).  Figure  2  shows  SEM  micrographs  of  diamond  films  deposited  at  0.50 
'I’orr  using  a  volumetric  mixture  of  2:2:1  acetic-acid:water:methanol.  The  sample  temperature 
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Figure  2.  SEM  micrographs  from  diamond  films  deposited  at  different 
temperatures  using  acetic-acid;watenmethanoI  (2:2:1). 
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is  reduced  I’rorn  one  sample  to  the  next  by  the  reduction  in  rf  applied  power.  The  growilis  at 
ail  temperatures  show  wcll-raccted  diamond  polyhedra.  There  appears  to  be  no  severe  degra¬ 
dation  of  the  film  properties  despite  the  ~  300'C  reduction  in  growth  temperature.  An 
assessment  of  the  crystalline  quality  of  the  I'iinis  as  measured  from  the  full  width  half  ma.vi- 
imum  of  the  1332  cm  *  phonon  line  would  tend  to  indicate  that  higher  quality  growth  was 
achieved  between  300-100  "C  than  at  higher  temperatures.  Raman  spectra  for  the  films  grown 
at  300  and  100  "C  are  shown  in  Figure  3.  .All  these  films  showed  an  amorphous  carl)on  com¬ 
ponent  at  1500  enr  'I'lio  reduction  in  applied  power  did  reduce  the  deposition  rale.  The  film 
deposited  at  575 grew  at  a  linear  rale  of  6000  A/hr  while  the  film  deposited  at  300  "C  grew' 
at  a  linear  rate  of  2000  .K  Mir. 
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Fi^re  3.  Raman  spectra  from  the  films  deposited  with 
acetic-acidiwatenmcthanol  at  300  and  400  °C. 


DISCUSSION 


The  growth  of  diamond  is  undoubtedly  facilitated  in  the  low-pressure  rf-induction  phusma 
by  the  high  electron  density  achieved  when  at  a  critical  power  the  coupling  changes  from  /t- 
field  to  B-field  coupling.  In  this  work,  we  have  replaced  molecular  hydrogen  and  methane  with 
various  mixtures  of  water,  alcohols,  and  organic  acids.  The  vapor  discharges  from  the  water- 
based  solutions  arc  easily  ionized  in  the  rf  plasma  owing  to  lower  ionization  potentials  for  the 
water,  alcohol,  and  acetic  acid  molecules.  As  a  consequence,  lower  power  levels  are  necessary 
for  a  i^'field  coupling. 

Once  tlie  /?-field  coupling  occurs,  the  high  electron  density  and  high  electron  temperature 
allows  atomization  of  the  parent  molecules.  Atoms  and  free  radicals  of  both  graphite  etchant 
species  such  as  H  and  OH  and  carbon-containing  radicals  are  present  at  the  diamond  growth 
surface.  Dissociation  of  thc^e  species  will  depend  directly  on  the  bond  strengths.  If  one  com¬ 
pares  bond-strengths  for  the  various  molecules  and  radical  species  used  in  this  work,  a  number 
of  interesting  observations  are  apparent.  First,  the  H-OH  bond  (5.2  eV)  is  not  significantly 
weaker  than  the  H-H  bond  (-4.5  eV).  Thus,  the  high  generation  of  atomic  hydrogen  from  water 
discharges  is  probably  a  consequence  of  the  lower  ionization  potential  and  a  larger  cross-section 
for  electron-impact  dissociation.  Second,  the  bond  strengths  for  H-liberation  for  a  radical  such 
as  CHoO— H  (1.3  eV^)  from  the  methanol  has  a  significantly  lower  dissociation  energy  than  the 
parent  CH3O— H  (-4.9  eV)  molecule.  The  CH.>0— H  dissociation  energy  is  also  significantly  lower 
than  any  of  the  energies  for  methane,  methyl,  or  methylene  dissociation.  One  would  expect 
that  electron  energies  in  the  plasma  sufficient  to  dissociate  hydrogen  from  the  methyl  group  on 
methanol  would  be  more  than  sufficient  to  dissociate  the  CHoO— H  bond.  And  third,  the 
lowest  dissociation  energies  for  H-  liberation  arc  found  for  the  carboxyl  radical  COO-H  (0.5  eV) 
These  radicals  are  contained  on  the  organic  acid  and  halogenated  organic  acid  groups.  It  is  the 
dissociation  of  this  bond  that  gives  the  acidity  to  water  solutions  containing  these  organic 
molecules.  One  would  expect  then  that,  besides  the  lower  ionization  potential  offered  by  the 
addition  of  the  organic  acid  molecules  to  the  plasma  discharge,  the  organic  acids  would  readily 
release  H  atoms  to  the  plasma  gas.  The  organic  acid  group  behaves  as  graphite  solvent  in  this 
process.  To  date,  we  have  not  been  successful  in  depositing  diamond  from  solutions  of 
exclusively  water  and  acetic  acid.  Concentrations  of  acetic  acid  in  excess  of  80*^  in  water  solu¬ 
tion  have  not  been  evaluated.  For  the  concentrations  of  acetic  acid  that  we  are  using  for  the 
low  temperature  diamond  growth  2:2:1  (acetic-acid:water:melhanol),  the  primary  roles  of  the 
organic  acid  group  are  (1)  to  promote  ionization  in  the  rf  induction  coil  and  (2)  to  contribute  H 
atoms  to  the  growth  process. 

We  have  previously  been  discussing  mechanisms  by  which  the  water-based  processes  pro¬ 
mote  diamond  growth  in  low-pressure  rf-induction  plasmas.  These  mechanisms  have  all  been 
concerned  with  H-  atom  generation.  At  low  pressures,  diffusion  of  H  atoms  to  walls  and  recom¬ 
bination  of  H  atoms  on  the  walls  limit  the  steady-state  population  of  H  atoms.  The  steady 
state  population  being  the  difference  of  the  generation  and  loss  rales.  The  water-based  pro¬ 
cessed  (besides  producing  higher  generation  rates  per  unit  power  than  the  molecular-hydrogen 
based  processes)  may  also  significantly  reduce  the  loss  rales  at  low  pressure.  Water  passiva¬ 
tion  of  tube  walls  in  flowing  afterglow  hydrogen  discharges  has  been  used  to  reduce  wall  recom¬ 
bination.  Water  vapor  (integral  to  the  diamond  growth  in  this  work)  would  continuously  pas¬ 
sivate  the  reactor  walls.  Indeed,  It  might  be  possible  to  maintain  the  reactor  walls  at  a  tem¬ 
perature  low  enough  to  condense  multiple  layers  of  water  on  the  plasma  tube  walls.  The  water 
condensate  would  serve  to  buffer  the  wall  materials  from  the  extremely  aggressive  plasma 
environment.  In  addition  to  wall  passivation,  the  water-based  process  may  also  reduce  loss 


rates  by  permitting  H'*‘  complexing  with  neutral  UoO  water  molecules.  The  hvdronium  ion 
as  in  acidio-water  solutions  should  remain  highly  reactive,  yet  compiexed  so  as  to  retard 
rapid  diffusion  to  the  plasma  walls.  It,  thus,  seems  plausible  that  the  water-based  processes  for 
diamond  growth  can  enhance  diamond  growth  both  by  permitting  higher  generation  rates  of 
active  species  and  by  reducing  loss  mechanisms. 

CONCIAISION 

A  low  pressure  chemical  vapor  deposition  techiiiciue  using  water-alcohol  vapors  has  been 
developed  for  the  deposition  of  polycrystalline  diamond  films  and  homoepilaxia!  diamond  films. 
The  technique  uses  a  low  pressure  (0.50  -  1.00  Torr)  rf-iiuluction  plasma  to  effectively  dissoci¬ 
ate  the  water  vapor  into  atomic  hydrogen  and  OH.  Alcohol  vapors  admitted  into  the  chamber 
with  the  water  vapor  provide  the  carbon  balance  to  produce  diamond  growth.  Unlike  previous 
results  obtained  from  microwave  sources  using  only  melhanol  or  Ar/mcthanol  mixtures,  the 
rf-induction  source  grows  poor  quality  diamond  unless  water  vapor  is  admitted.  At  1.00  Torr, 
high  quality  diamond  growth  occurs  with  a  gas  phase  concentration  of  water  approximately 
equal  to  47%  for  methanol.  66%  for  ethanol,  and  83%  for  i.sopropano).  In  the  operation  of  the 
rf  induction  plasma,  there  exists  a  critical  power  level  at  which  the  coupling  to  the  plasma 
changes  from  £^field  coupling  to  B-Uokl  coupling.  The  /J-field  coupling  has  been  shown  in  .Ar 
plasmas  to  produce  about  two  orders  of  magnitude  increase  in  the  electron  density.  We  have 
observed  that  the  critical  power  to  achieve  //-field  coupling  is  substantially  lower  for  the 
water-based  processes  as  compared  to  the  traditional  molecular  hydrogen-biused  processes. 
Furthermore,  reduction  in  the  critical  power  necessary  to  B-field  couple  is  achieved  through 
the  addition  of  acetic  acid  to  the  water:alcohol  solution.  The  water-alcohol  vapors  permit  dia¬ 
mond  growth  to  occur  at  lower  power  levels  as  compared  to  the  H.>/CH4  discharges.  The  lower 
input  power  level  required  in  turn  reduces  substrate-carrier  inductive  healing  and  allows  lower 
temperature  diamond  growth.  Currently,  diamond  depositions  using  water:methanol:acetic- 
acid  are  occurring  as  low  as  300  C  with  only  about  500  \V  power  input  to  the  50  mm  diameter 
plasma  tube. 
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ABSTRACT 

We  have  applied  an  electron  cyclotron  resonance  technique  to  deposit  diamond  thin  films 
on  various  substrates  under  remote  plasma,  low  temperature  (600°C)  and  low  pressure  (60  mTorr) 
conditions.  Diamond  films  were  grown  on  different  substrates  (silicon,  molybdenum)  with 
varying  concentrations  of  precursor  gases  (methanol  and  water).  A  positive  substrate  bias  (50  to 
60  V)  was  found  to  be  essential  for  the  growth  of  diamond  films  onto  substrates  positioned  1 6  cm 
below  the  ECR  plasma.  The  films  were  characterized  by  Raman,  X-ray  diffraction  and  scanning 
electron  microscopy  for  microstructure,  phase  purity  and  chemical  bonding  characteristics.  The 
effect  of  various  processing  parameters  including  gas  pressure,  gas  composition,  substrate 
temperature  and  bias  have  also  been  analyzed. 


INTRODUCTION 

Most  diamond  CVD  methods  (microwave,  dc  and  if  plasma,  hot  filament)  can  be  termed 
"thermal"  since  the  gas  mixtures  are  heated  to  temperatures  over  2000K.  [  1 ,2]  At  these 
temperatures,  the  input  gases  (such  as  CH4, 02  and  H2)  decompose  thermally,  thereby  forming 
active  species  for  diamond  growth.  The  various  tf  "'tuques  differ  on  the  type  and  intensity  of  other 
excitation  phenomena,  (e.g.,  electron  impaction,  auon  and  dissociation  [3],  photon  absorption  and 
emission)  which  operate  concurrently  with  thermal  excitation  of  the  gas  mixture.  In  contrast,  low 
pressure  and  highly  ionized  plasmas  which  rely  on  electron  impact  for  dissociation  and  ionization 
can  be  generat^  by  electron  cyclotron  resonance  (ECR)  conditions.  This  occurs  when  the 
microwave  energy  is  coupled  with  the  resonant  frequency  of  the  electrons  in  the  presence  of  a 
magnetic  field.  True  electron  cyclotron  resonance  cannot  occur  above  10  mTorr  (L3Pa)  due  to  the 
limited  mean  free  path  of  electrons  in  the  plasma,  but  significant  magnetic  field  confinement  and 
enhancement  of  a  plasma  has  been  observed  at  pressures  as  high  as  100  mTorr  [4].  An  ECR 
plasma  typically  has  a  very  high  electron  temperature  (e.g.,  >22,(X)0K)  a  relatively  cool  ion 
temperature  (typically  10%  of  the  electron  temperature)  and  neutrals  that  are  typically  <  500K,  In 
an  ECR  plasma,  the  generation  of  the  species  necessary  for  diamond  growth  must  proceed 
predominantly  by  non-thermal  mechanisms  such  as  electron-induced  dissociation  and  ionization. 
ECR  plasmas  offer  several  potential  advantages  as  a  means  to  deposit  diamond  thin  films.  Since 
the  neutral  gas  temperature  is  nearly  the  same  as  the  temperature  of  the  chamber  walls,  and  the 
pressures  are  in  the  molecular  flow  regime,  it  is  relatively  easy  to  generate  a  uniform  distribution  of 
activated  gas  species  over  a  large  area.  Secondly,  the  low  pressure  of  the  plasma  may  enable  the 
generation  of  activated  species  remote  from  the  substrate  surface,  i.e,  enabling  downstream 
processing  in  order  to  coat  large  areas. 

Magnetically  enhanced  microwave  PECVD  of  diamond  was  first  reported  by  A.  Hiraki  et. 
al.  [4, 5]  who  employed  a  magnetic  mirror  ECR  design  in  which  two  electromagnets  were  used  to 
couple  a  static  B  field  to  a  microwave  field.  They  also  reported  a  significant  increase  in  deposition 
rate  of  diamond  films  using  a  source  gas  mixture  of  methanol  and  helium.  Recently,  Eddy  et.  al. 
[6]  also  reported  the  growth  of  diamond  films  at  low  pressures  using  CO  and  hydrogen  gas 
mixtures. 

In  this  paper,  we  report  remote  plasma  growth  of  diamond  thin  films  using  water  plus 
methanol  mixtures.  The  avoidance  of  H2  as  a  source  gas  was  based  on  the  high  H-H  bond 
strength  (104  kcal/mol)  and  the  small  size  of  the  H2  molecule,  which  make  plasma-induced 
dissociation  into  atomic  H  highly  endothermic.  Recently,  workers  at  Research  Triangle  Institute 
have  also  reported  the  deposition  of  diamond  films  from  alcohol  and  water  mixtures  using  a  rf 
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plasma  system.  [7]  The  use  of  H2O  instead  of  H2  enabled  a  reduction  in  the  substrate  temperature 
".ecessary  for  rapid  diamond  ^owth.  The  OH  sroup  is  speculated  to  perform  a  similar  fi-naion  to 
atomic  hydrogen,  i.e  stabilization  of  the  diamond  phase  and  /or  preferred  etching  of  graphite  and 
graphite  precursors.  The  use  of  H2O  instead  of  H2  as  a  source  gas  also  has  many  practical 
advantages,  e.g.  H2O  is  cheaper  and  safer  to  handle  than  H2. 


EXPERIMENTAL 

Experiments  were  performed  in  a  Plasma-Therm  BECR-6  system  at  the  University  of 
Florida  (UF)  and  in  a  prototype  BECR-6  system  at  the  University  of  South  Florida  (USF).  A 
photo  of  the  BECR-6  system  is  shown  in  Figure  1.  Two  rings  of  rare-earth  permanent  magnets 
00  magnets/ring)  are  mounted  on 
the  exterior  of  a  6"  I.D.  by  6"  long 
ECR  module.  The  magnetic  field  at 
the  pole  face  of  each  magnet  is 
approximately  3  kGauss.  Cusp¬ 
shaped  zones  of  875  G  field  are 
generated  inside  the  vacuum 
chamber.  A  turnstile  coupler  is 
used  to  direct  2.45  GHz  microwave 
field  through  a  silica 
vacuum/microwave  window  at  the 
top  of  the  ECR  module.  At 
pressures  below  150  mTorr,  the 
coupling  of  the  magnetic  field  to  the 
electrons  in  the  microwave  plasma 
is  strong  enough  to  position  the 
center  of  the  plasma  within  the  two 
rings  of  magnets.  At  pressures 
below  10  mTorr,  electron  cyclotron 
resonance  occurs  along  the  cusp¬ 
shaped  surfaces  where  the  magnetic 
field  strength  equals  875  G.  The 
source  gas  mixture  was  methanol 
and  water.  Methanol  was  injected 
in  a  ring  positioned  beneath  the  base 
of  the  ECR  chamber,  while  water 
was  injected  from  the  top. 

Substrates  were  placed  on  a  heated 
platen  which  was  electrically 
isolated  to  enable  dc  biasing,  and 
were  positioned  8  to  20  cm 
downstream  from  the  ECR  zone.  A 
positive  bias  of  50  to  60  V  was 
found  to  be  essential  for  diamond 
thin  films.  The  substrates  used  for 
growth  experiments  were  Si  and 
Mo  plates  scratched  with  submicron 
diamond  powder  and  then 
ultrasonically  washed  in  methanol.  Figure  1  Photograph  of  Plasma-Therm  BECR-6  system. 


ElESULTS  AND  DISCUSSION 


Figure  2  shows  the  surface  topography  of  the  diamond  film  deposited  using  a  methanol  to 
water  ratio  of  20: 1.  During  the  deposition  process,  the  substrate  temperature  was  kept  between 
500’C  and  600°C,  while  ihe  total  pressure  in  Uie chamber  was  60  iiiTon.  It  was  found  that  a 
positive  substrate  bias  (  50  to  60  V)  was  necessary  for  remote  diamond  film  growth.  Under  these 
conditions,  a  secondary  discharge  glow  was  observed  at  the  substrate,  presumably  due  to  electron 
impact  of  the  gas  species  arriving  from  the  ECR  playna.  The  average  dc  current  density  measured 
during  the  experiment  was  between  20  -  40  mA/cm^.  The  stabilization  of  the  diamond  phase 
under  remote  plasma  conditions  depends  strongly  on  the  positive  substrate  bias,  which  is  believed 
to  repel  the  positively  charged  ionic  species  in  the  plasma  as  well  as  generate  diamond  precursor 
gas  species  at  the  substrate  surface. 


Figure  2  SEM  micrograph  of  diamond  film  deposited  using  a  methanol  to  water  ratio  of  20: 1 . 


The  film  consists  of  crystallites  of  approximately  0.4  to  0.6  pm  in  size;  the  average  growth 
rate  was  40  to  50  nm  an  hour.  Higher  magnification  of  this  diamond  film  shows  a  "cauliflower" 
type  structure  observed  due  to  multiple  nucleation  of  the  diamond  phase.  The  corresponding 
Raman  spectra  of  this  film,  (Figure  3),  exhibits  a  diamond  peak  at  1334  cm'^  and  a  broad 
spectrum  from  1450-1550  cm"^  suggesting  the  presence  of  sp^  bonded  carbon  in  the  form  of 
graphite,  amorphous  carbon  or  a  combination  of  both.  The  full  width  at  half  maximum  (FWHM) 
of  the  diamond  peak  is  approximately  12  cm"'  which  is  considerably  greater  than  that  of  natural 
diamond  (FWHM  -1.8  -2  cm'*.)  This  widening  of  the  peak  can  be  attributed  to  small  grain  size  of 
the  material  or  formation  of  a  highly  defective  material. 
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Figure  3  Raman  spectra  of  diamond  film  deposited  using  methanol  to  water  ratio  of  20: 1 . 


Figure  4  shows  a  SEM  micrograph  of  a  film  nucleated  for  1  hr  at  60  mTorr  with  methanol 
to  water  ratio  of  20;  1  and  then  deposited  for  15  hr  with  methanol  to  water  ratio  of  5:1 .  Other 
conditions  for  deposition  were  the  same  as  the  earlier  film.  A  nearly  continuous  film  is  formed 
composed  of  many  fine  crystallites  thus  resulting  in  smooth  coverage  of  the  substrate.  The 
corresponding  Raman  spectrum  of  the  film  is  shown  in  Figure  5  which  also  shows  a  relatively 
broad  diamond  peak  at  1334  cm"^  and  a  weak  sp^  bonded  peak  .  It  was  observed  decreasing  the 
methanol  to  water  ratio  of  3: 1  resulted  in  etching  of  the  substrate  instead  of  deposition. 


Figure  4  SEM  micrograph  of  diamond  film  deposited  using  water  to  methanol  ratio  of  5: 1 . 
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Figure  6  X-ray  diffraction  spectrum  of  diamond  film  deposited  using  water  to  methanol  ratio  10: 1 . 
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Figure  6  shows  a  X-ray  diffraction  pattern  of  a  film  on  silicon  substrate  deposited  with 
methanol  to  water  ratio  of  approximately  10:1.  This  film  was  deposited  at  25  mTorr  and  about  7 
cm  below  the  ECR  zone,  liiis  X-ray  spectra  shows  the  presence  of  diamond  peaks  corresponding 
to  the  (111),  (220)  and  (311)  planes.  The  iiucusities  of  the  peaks  are  in  agreement  with  their 
structure  factor,  thus  confirming  that  the  film  is  randomly  oriented.  The  Effraction  peaks  are  also 
broadened  due  to  the  defective  nature  of  the  film. 


SUMMARY 

In  conclusion,  we  have  fabricated  diamond  films  under  remote  plasma,  low  temperature 
and  low  pressure  conditions  using  methanol  and  water  as  input  species.  Randomly  oriented 
diamond  films  have  been  fabricated  with  varying  ratios  of  methanol  to  water  (20: 1  to  5: 1 ).  At 
lower  concentrations  of  methanol,  etching  of  the  substrate  is  observed.  It  is  expected  that  with 
further  optimization  of  the  processing  variables  large  area  continuous  Eamond  films  can  be 
fabricated  by  this  method  at  temperatures  below  ti&'C. 
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ABSTRACT 

Polycrystalline  diamond  films  were  synthesized  both  by  using  an  open 
atmosphere  combustion  flame,  and  also  using  a  combustion  flame  in  an  enclosed 
chamber.  By  operating  the  pre-mixed  oxy-acetylene  torch  in  a  chamber,  we  were 

able  to  vary  the  atmosphere  around  the  flame  in  a  controlled  manner  and  study  the 

effects  on  the  diamond  films.  Varying  the  atmosphere  around  the  flame  is  of 
interest  to  control  the  incorporation  of  unwanted  gases,  such  as  room  air,  and  to 
obtain  finer  control  over  the  flame  properties.  We  report  on  the  properties  of  films 
grown  in  the  open  atmosphere  and  in  the  chamber  with  oxygen  and  argon. 

Introduction 

The  combustion  flame  technique  has  been  demonstrated  at  several  laboratories 
10  be  a  viable  technique  to  obtain  high  quality  diamond  films  with  a  high  growth 
rate  (>100lim/hr)[l-101.  In  this  paper,  we  report  on  the  growth  of  free  standing 

polycrystalline  diamond  films  grown  by  the  combustion  process  using  an  oxy- 
acetylene  torch  in  the  open  atmosphere,  and  in  an  enclosed  chamber  where  the 
environment  can  be  controlled.  Diamond  growth  using  an  oxy-acetylene  torch 
occurs  in  the  fuel  rich  acetylene  feather  just  outside  the  primary  flame  front.  The 
torch  is  a  premixed  design,  where  oxygen  and  acetylene  are  combined  in  the 

mixing  chamber  and  then  burn  near  the  primary  flame  front  (inner  cone)  where 
temperatures  can  reach  up  to  about  3300K(II).  The  overall  combustion  reaction  at 
the  inner  cone  is  [12]: 

C2H2  +  O2  ■—  2CO  H2  ( 1 ) 

with  many  reactive  intermediates  (eg.  H,  OH,  C2,and  C2H)  involved  in  the  overall 

reaction.  If  the  torch  is  run  in  a  fuel  rich  mode,  the  unburnt  hydrocarbons, 

reactive  intermediates.  CO.  and  H2  form  a  region  (feather)  bounded  by  another 

flame  front  caused  by  oxygen  diffusion  from  the  surrounding  atmosphere. 
Although  the  oxygen  and  acetylene  gases  are  premixed  in  the  torch,  the  outer 

regions  of  the  feather  can  be  described  as  a  diffusion  flame  because  of  the  oxygen 
diffusion  from  the  atmosphere.  When  the  torch  is  operated  in  the  open 

atmosphere,  there  is  an  ample  supply  of  room  air  available  for  diffusion  into  the 
flame  fully  oxidizing  the  combustion  products  to  CO2  and  H2O  in  the  outer  region. 

Fourier  transform  infrared  spectroscopy  has  shown  that  the  feather  region 
contains  a  large  concentration  of  CO  and  the  outer  part  of  the  feather  and  the  outer 
region  of  the  flame  contain  an  appreciable  amount  of  OH.  H2O  and  002(13].  Laser- 
induced  fluorescence  and  mass  spectrometry  have  shown  the  feather  region  also 

contains  an  appreciable  amount  of  nitrogen[l2j.  This  indicates  that  the 

atmospheric  air  not  only  oxidizes  the  combustion  products  in  the  outer  region,  but 
does  indeed  diffuse  into  the  feather  region. 

Since  environmental  gases  around  the  flame  diffuse  Into  the  area  of  the  flame 
where  diamond  growth  occurs,  these  environmental  gases  are  an  important 
variable  that  warrants  further  attention.  Varying  the  atmosphere  around  the 

flame  is  also  a  method  of  controlling  the  incorporation  of  unwanted  dopants,  such 
as  nitrogen,  and  of  obtaining  a  finer  control  over  the  flame  properties.  In  the 
present  paper,  we  will  discuss  films  that  were  made  (A)  in  the  open  atmosphere,  (B) 
in  the  enclosed  chamber  using  argon  as  the  auxiliary  gas,  and  (C)  in  the  enclosed 
chamber  using  oxygen  as  the  auxiliary  gas. 
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Experimental 

All  of  the  diamond  films  were  synthesized  using  a  premixed  oxy-acetylene 
■Acldins  torch  with  a  nozzle  diameter  of  1.17  mm.  The  flow  rates  of  the  oxygen  and 
acctylcnc(99.6%)  were  controlled  by  mass  flow  controllers  with  the  total  flow  rate 
being  held  constant  at  7  SLM.  The  films  were  grown  on  molybdenum  screws  that 
were  placed  in  a  threaded  hole  in  a  water-cooled  copper  block.  The  temperature  of 
the  screw  was  controlled  by  the  depth  of  penetration  into  the  copper  block  and  was 
monitored  by  using  a  two-color  pyrometer.  The  temperature  of  the  films  that  will 
be  discussed  was  900°C  (±.20°).  In  order  to  enhance  the  nuclcation,  the  surface  of 
the  molybdenum  screw  was  polished  with  600  mesh  silicon  carbide  followed  by  1 
pm  diamond  paste,  and  then  ullrasonically  cleaned  in  acetone  and  methanol. 
Because  of  the  large  difference  in  the  thermal  expansion  of  diamond  and 
molybdenum,  the  film  delaminates  as  the  substrate  cools.  All  the  samples  discus.scd 
in  this  paper  were  thus  free  standing  diamond  films. 

A  similar  apparatus  to  that  described  above  was  placed  in  an  enclosed  chamber 
in  order  to  control  the  atmosphere  around  the  flame.  Prior  to  lighting  the  torch, 
the  chamber  was  evacuated  to  approximately  I  lorr  and  then  backfilled  with  the 
auxiliary  gas,  cither  argon  or  oxygen.  An  exhaust  valve  was  opened  during  the 
growth  process,  so  the  experiments  were  done  at  slightly  above  atmospheric 
pressure. 

Micro-Raman  analysis  was  performed  using  the  514.5  nm  line  of  an  argon  ion 
laser  and  a  spatial  resolution  of  less  than  1  pm|141.  The  Raman  line  width 
measurements  were  performed  in  the  photoluminesccncc  apparatus  using  a  488.0 
nm  line  with  a  laser  spot  size  of  about  100  pm|151.  The  photoluminesccncc 
experiments  were  carried  out  at  6K  in  a  Janis  supervaritemp  cryostat.  Scanning 
electron  microscopy  (SEM)  was  performed  on  these  samples  using  a  Cambridge  S200 
instrument. 

RESULTS 

Results  are  reported  on  three  types  of  samples  grown  in  (A)  the  open 
atmosphere.  (B)  the  enclosed  chamber  using  argon  as  the  auxiliary  gas.  and  (C)  the 
enclosed  chamber  using  oxygen  as  the  auxiliary  gas.  Sample  A  was  grown  using  an 
oxy-acelyicne  torch  operating  in  the  open  atmosphere  with  an  02/C2H2ratio  of 
1.04.  Sample  B  was  grown  using  an  oxy-acetylene  torch  operating  in  an  enclosed 
chamber  with  an  O2/C2H2  ratio  of  1. 10  and  an  argon  flow  of  5  SL.M.  Sample  C  was 
grown  with  an  O2/C2H2  ratio  of  1.03  and  an  oxygen  flow  of  7  SLM.  Just  prior  to 
ending  the  growth  of  sample  C.  the  auxiliary  flow  was  changed  to  argon  while  the 
sample  cooled  down  to  room  temperature.  A  fourth  sample  was  grown  using  the 
same  sample  conditions  as  sample  C.  but  when  this  experiment  was  terminated,  the 
auxiliary  oxygen  continued  to  flow.  Therefore,  the  substrate  cooled  from  900°C  to 
room  temperature  (about  2  minutes)  in  an  atmosphere  containing  a  large 
concentration  of  oxygen.  The  total  flow  rate  through  the  torch  for  all  of  these 
samples  was  held  constant  at  7  SLM.  The  growth  time  for  each  of  the  samples  was  60 
minutes,  while  the  temperature  of  the  substrate,  measured  with  a  two-color 
pyrometer,  was  approximately  900°C(+20°). 

The  crystallite  morphology  of  the  films  can  be  seen  in  the  SEM  micrographs  of 
Figure  la-d.  Micro-Raman  spectra  of  .samples  A,  B,  and  C  arc  shown  in  Figure  2a-c, 
while  Figure  3a, b  show  the  photolumincscence  spectra  of  sample  A  and  sample  C, 

The  shape  of  the  feather  in  an  argon  environment  was  very  long  and  slender, 
drastically  different  from  the  rounded  appearance  in  the  open  atmosphere.  For  a 
given  position  in  the  flame,  the  temperature  of  the  substrate  also  appears  to  be 
affected  by  the  environmental  gases.  We  have  also  observed  that  no  water  vapor 
condenses  in  the  chamber  in  an  argon  atmosphere,  but  in  an  oxygen  atmosphere, 
water  is  seen  condensing  on  the  walls  of  the  chamber. 
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Figure  1.  Morphology  of  films  grown  in  various  atmospheres  (a. upper  left) 
open  atmosphere,  (b. lower  left)  argon  atmosphere,  (c. upper  right) 

oxygen  atmosphere  (cooled  in  argon),  and  (d.lowcr  right)  oxygen 
atmosphere  (cooled  in  oxygen). 


DISCUSSION 

The  temperature  in  variou.s  parts  of  the  acetylene  feather  has  been  shown  to  be 
between  2200  and  300CK  with  a  substrate  in  placc(13).  We  have  found  that  the 

temperature  of  the  substrate  in  the  feather  is  lower  in  an  argon  atmosphere,  and 

can  easily  be  varied  over  a  lOOK  range  by  changing  the  environmental  gases, 

without  varying  the  depth  of  penetration  of  the  substrate  into  the  water-cooled 
copper  block.  The  lower  temperature  in  an  argon  atmosphere  is  not  unexpected, 
since  there  is  no  additional  oxv^cn  to  promote  the  further  combustion  of  the 

unburni  fuel,  and  thus,  less  hca'  is  provided  by  the  flame.  In  an  argon  atmosphere 
where  the  only  source  of  oxygen  is  through  the  torch,  a  slightly  higher 

oxygcn/acetyicnc  ratio  wa.s  used  »<>  attain  similar  growth  as  compared  to  an  oxygen 
atmosphere.  The  feather  is  c.'-scntially  starved  of  oxygen  in  an  argon  atmosphere 

that  would  normally  diffuse  into  the  flame  and  bum  with  the  excess  fuel  creating  a 
secondary  flame  front.  Therefore,  the  feather  is  not  bound  by  this  secondary 
flame  front  in  an  argon  atmosphere  and  only  a  small  increase  in  the  acetylene  flow 

rate  is  needed  to  extend  the  slender  feather  several  inches.  In  the  open 
atmosphere,  small  increases  in  the  acetylene  increased  the  length  of  the  feather 
very  gradually.  Since  diamond  growth  occurs  in  this  feather  region,  the 

composition  of  the  environmental  gases  is  important. 

Assuming  complete  cfficirni  combuslion.  from  the  equation 

C2H2  +  5/202  -*^  2CO2  +  H2O  (2) 

and  an  O2/C 2  of  approximately  I.  then  the  flow  rate  of  additional  oxygen  in 

the  chamber  should  be  about  3/2  the  flow  rate  of  C2H  2  through  the  torch  in  order  to 
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obtain  the  fully  oxidized  combustion  products.  We  see  evidence  of  this  visually,  by 
water  condensing  on  the  walls  of  the  chamber  when  sufficient  oxygen  is  present. 

The  well  crystallized  faces,  typical  of  growth  in  the  open  atmosphere,  is 
shown  in  Figure  la.  An  interesting  feature  of  the  film  grown  in  argon  is  the 
smooth  (100)  faces  shown  in  Figure  lb.  This  is  not  unexpected,  since  growth  can 
occur  on  the  (100)  face  one  atom  at  a  time  resulting  in  a  smooth  face,  whereas 
growth  on  faces  such  as  the  (111)  face  often  proceeds  by  a  step  mechanism[16]. 
Although  the  smooth  (100)  faces  is  not  surprising  in  general,  it  is  interesting  that 
this  is  so  clearly  seen  in  the  flame  grown  polycrystalline  samples  when  there  is  a 
decreased  oxygen  content  in  the  environment. 

The  morphology  of  the  sample  grown  in  100%  oxygen  and  cooled  primarily  in 
argon  is  shown  in  Figure  Ic.  The  grains  are  much  smaller  (1  pm)  in  the  outside 
region  and  show  a  micro-Raman  spectra  similar  to  2c.  This  may  be  related  to  an 
increased  concentration  of  atomic  O  and  OH  expected  in  the  outer  region  of  the 
flame.  OH,  and  to  a  lesser  extent  atomic  O  have  been  thought  to  be  very  effective 
etchants  of  various  forms  of  carbon!  17|.  This  is  in  contrast  to  the  outer  edge  in  the 
atmospheric  grown  films  where  the  quality  of  the  diamond  is  lower  possibly  due  to 
the  increased  incorporation  of  nitrogen!  14].  In  the  past,  this  has  been  attributed  to 
a  high  entrainment  of  room  air  (mostly  nitrogen)  in  the  outer  part  of  the  flame 
causing  the  decreased  quality  of  diamond  in  the  outer  region  of  the  film!  18]. 

Figure  Id  shows  the  morphology  of  a  film  grown  in  100%  oxygen  and  allowed  to 
cool  in  an  oxygen  environment.  Many  pits  are  evideni  on  the  grains,  and  we 
believe  they  arc  most  likely  a  result  of  etching  by  oxygen  species  after  the  flame 
was  extinguished.  This  indicates  that  not  only  is  graphite  and  amorphous  carbon 
being  etched,  but  the  diamond  faces  show  signs  of  considerable  etching.  It  is 
interesting  that  some  grains  indicate  preferential  etching  with  fewer  pits  being 
seen  on  the  (100)  face  which  is  known  to  be  the  slowest  etched  face  in  both  natural 
and  synthetic  diamondllO], 

As  can  be  seen  in  the  micro-Raman  spectra  in  Figure  2a  the  films  grown  in  the 
open  atmosphere  show  no  signs  of  graphitic  or  amorphous  carbon.  The  films 

grown  in  the  chamber  with  100%  oxygen  (Figure  2c)  also  indicate  high  quality 

diamond,  although  there  may  be  a  small  amount  of  amorphous  carbon  present  in 
these  films.  Although  we  have  been  successful  in  growing  diamond  in  an  argon 

atmosphere,  the  quality  of  the  diamond  film  decreases  (Figure  2b).  The  broad  band 
centered  around  1500cm''  is  indicative  of  amorphous  carbon,  and  the  background 
fluorescence  is  also  much  larger,  which  indicates  a  larger  number  of  defects  in  the 
sample.  It  appears  that  the  oxygen  entrainment  into  the  feather  region  plays  an 
important  role  in  suppressing  the  formation  of  amorphous  carbon  in  the  films. 
The  Raman  line  width  was  measured  with  a  laser  spot  size  of  100  pm  in  order  to  gel 
an  indication  of  the  overall  quality  of  the  film  including  intergranular  regions. 
The  Raman  full  width  half  maximum  (FWHM).  a  measure  of  the  crystalline  quality, 

was  found  to  be  4.7  cm"'  for  the  film  grown  in  oxygen  and  slightly  wider,  7.0  cm"', 

for  the  film  grown  in  argon. 

Photolumincscence  spectroscopy  can  also  be  used  to  monitor  the  quality  of  the 
film  by  examining  the  diamond  1®'  order  phonon  line  shape,  and  the  zero  phonon 

line  and  phonon  replicas  of  defect  bands]15].  Shown  in  Figure  3a, b  are  the 
photolumincscence  spectra  of  a  film  grown  in  the  open  atmosphere  and  with  100% 
oxygen  in  the  chamber.  In  Figure  3a  the  line  at  2.16  eV  (d)  is  believed  to  be  due  to  a 
double  vacancy-nitrogen  complcx|20].  while  the  line  at  1.95  cV  (c)  is  from  a 
vacancy-nitrogen  pair(21|  and  the  line  labclcd(a)  is  a  nitrogen  complex  band|20|. 
The  band  labeled  b  is  the  diamond  I*'  order  phonon  line,  while  b*  is  indicative  of  a 
small  amount  of  graphite  present  in  this  sample.  The  broad  band  labeled  f  is  due  to 

the  spectrometer  response  when  this  sample  was  measured.  For  the  film  grown  in 

the  chamber  (Figurc3b)  we  see  no  evidence  of  the  nitrogen  defect  bands,  which 
indicates  that  we  have  reduced  the  defects  associated  with  nitrogen  when  we 
operate  in  the  enclosed  chamber  and  control  the  environmental  gases.  There  was 
some  evidence  of  nitrogen  defect  bands  (although  still  smaller  in  intensity  than 
the  open  atmosphere  films)  in  other  samples  that  were  grown  in  the  chamber,  and 
may  be  related  to  impurities  in  the  gases  used  (oxygen,  acetylene  or  argon). 
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CONCLUSION 

In  this  paper,  we  have  demonstrated  the  growth  of  polycrystalline  free  standing 
diamond  films  using  a  pre-mixed  oxy-acelylene  torch  in  an  enclosed  chamber.  We 
have  demonstrated  some  of  the  effects  that  the  atmosphere  has  not  only  on  the 
flame,  but  also  on  the  quality  and  the  morphology  of  the  diamond  films.  When  the 
torch  is  the  only  source  of  oxygen,  the  films  show  an  increased  amount  of 
amorphous  carbon  present.  When  the  atmosphere  is  primarily  oxygen,  the  quality 
of  the  film  is  much  better  even  to  the  outer  edge  of  the  film.  We  have  also  shown 
the  drastic  etching  effect  that  is  observed  when  the  films  are  allowed  to  cool  to 
room  temperature  in  an  oxygenated  atmosphere.  The  photoluminescence  results 
also  indicate  that  there  may  also  be  a  reduction  in  tbe  incorporation  of  nitrogen  in 
the  films  by  controlling  the  atmosphere  around  the  flame. 
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ABSTRACT 

We  have  constructed  a  novel,  sequential  DC  glow  and  hot  filament  CVD  reactor,  to 
study  the  influence  of  single  parameters  on  the  deposition  of  diamond  thin  films.  This  reactor  is 
capable  of  growing  diamond  films,  with  independent  excitation  of  hydrogen  and  methane.  This 
is  achieved  by  the  sequential  exposure  of  the  substrate  to  spatially  separated,  chemically 
independent,  plasma  regions  of  hydrogen,  and  methane  in  helium.  The  substrate  is  mounted  on 
a  rotating  plate  above  the  gas  sources  at  a  variable  distance,  typically  0.5  -  2  mm.  The  plate  is 
radiantly  heated  from  behind  to  a  desired  temperature  up  to  1300  K.  Using  the  sequential 
deposition  chamber  we  have  been  able  to  deposit  good  quality  diamond  up  to  8%  methane  in 
helium,  without  the  presence  of  oxygen,  by  separating  a  source  of  atomic  hydrogen  and  a 
source  of  methane.  These  experiments  show  that  methane  and  atomic  hydrogen  do  not  need  to 
be  present  simultaneously  to  grow  diamond.  Our  results  further  indicate  that  the  primary  critical 
parameter  for  both  quality  and  growth  rate,  in  hot  filamen*  deposition  of  diamond,  is  the 
concentration  of  atomic  hydrogen  in  the  system. 

INTRODUCTION 

Dramatic  advances  in  the  field  of  the  synthesis  of  diamond  films  and  related  materials 
have  occurred  in  the  last  few  years.  The  major  driving  forces  behind  these  efforts  are  the 
unique  and  extraordinary  material  properties  of  diamond  for  technical  applications  in  a  large 
number  of  fields.  However,  there  are  many  stumbling  blocks  before  the  wide  spread 
application  of  diamond  material  can  be  accomplished.  A  major  hindrance  is  the  poor 
understanding  of  the  mechanisms  of  nucleation  and  growth  of  diamond,  the  interaction  between 
the  diamond  film  and  the  substrate,  and  the  ability  to  grow  large  single  crystals  which  can  be 
suitably  doped. 

The  objective  of  our  research  is  to  develop  an  understanding  of  the  governing  kinetic- 
parameters  behind  the  nucleation  and  growth  of  diamond.  Because  of  the  many  species  present 
in  applied  diamond  synthesis  techniques,  the  actual  deposition  process  is  complex  and  poorly 
understood' Attempts  to  elucidate  the  mechanisms  of  nucleation  and  growth  have  primarily 
focused  on  gas  phase  precursors,  which  might  form  sp^  bonds  on  the  growing  surface^-'.  The 
complex  gas  phase  chemistry  has  also  precluded  in  situ  measurements  and  detailed  comparison 
with  suggested  growth  models*-^.  By  separating  the  deposition  prtxtess  into  several  sequential 
steps,  our  aim  is  to  identify  the  most  critical  deposition  parameters  to  reach  an  understanding  of 
the  basic  phenomena  behind  the  deposition  process. 

We  have  therefore  constructed  a  novel  type  of  sequential  CVD  reactor  in  which  the 
substrate  can  be  serially  exposed  to  four  independently  controlled  gas  sources.  Thus,  the  role 
of  each  species  can  be  isolated  and  individually  modified,  to  vary  deposition  parameters  such  as 
growth  rate  and  film  quality.  We  are  able  to  expose  the  substrate  to  a  sequence  of  hydrogen, 
carbon,  oxygen,  and  inert  gas  sources,  with  independent  control  of  parameters  such  as 
excitation  and  concentration.  This  control  allows,  for  instance,  an  increase  in  the  concentration 
of  atomic  hydrogen  without  changing  or  influencing  other  deposition  parameters.  In 
conventional  CVD  reactors,  and  in  the  newer  alternating  chemistry  reactors®,  a  change  of  a 
process  parameter  such  as  a  change  in  the  excitation  of  one  species  would  lead  to  a  change  in  the 
excitation  of  other  species  present.  Our  results  indicate  that  a  critical  parameter  in  hot  filament 
deposition  of  diamond  is  the  bombardment  of  the  growing  surface  by  atomic  hydrogen. 

REACTOR  DESIGN  AND  PERFORMANCE. 

The  basic  principles  behind  the  design  of  the  sequential  deposition  system  is  shown  in 
l-'igure  1.  The  apparatus  is  mounted  in  a  diffusion  pumped  bell  jar  vacuum  system  having  a 
base  pressure  lower  than  2x10'^  Torr.  The  reactor  consists  of  four  gas  emitter  assemblies,  each 
about  one  inch  in  diameter,  electrically  insulated  from  the  substrate.  Ga.ses  are  supnlied  to  each 
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emitter  station  at  a  rate  high  enough  to  insure  that  intermixing  between  the  emitters  is  minimal 
and  does  not  influence  the  growth  process.  The  substrate  is  mounted  on  a  rotating  plate  facing 
the  gas  excitation  sources  at  a  variable  distance,  typically  0.5  -  2  mm.  The  plate  is  heated  from 
behind  up  to  a  temperature  of  1300  K  by  a  tungsten  filament. 

Gases  flowing  through  the  emitter  heads  can  be  excited  by  a  variety  of  means,  such  as 
hot  filament,  DC  glow,  and  RF  radiation,  however,  this  paper  will  only  be  concerned  with 
excitation  of  gases  by  hot  filaments. 


Figure  1 :  Side  View  and  Top  View  of  Sequential  CVD  reactor. 

One  of  the  major  concerns  with  the  separation  of  the  gases  into  different  plasmas  is  the 
level  of  cross-contamination  i.e.  the  flow  of  gas  from  one  emitter  into  the  active  region  of 
another  emitter.  Cross-contamination  was  measured  under  deposition  conditions  by  mass 
spectrometer  sampling  of  each  plasma  region.  Figure  2  shows  the  level  of  cross-contamination 
of  helium  in  the  hydrogen  emitter  as  a  function  of  the  gas  flow  rate  of  helium  and  hydrogen 
through  each  emitter.  The  data  shows  that  the  cross-contamination  can  be  made  arbitrarily  low 
by  increasing  the  flow  rates  through  the  emitters.  Allowing  the  level  of  cross-contamination  to 
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reach  20%  has  not  been  observed  to  effect  growth  rate  or  morphology  but  may  have  a 
secondary  influence  on  film  nucleation  density  and  incubation  time. 


H2,  He  Flow  Rate  (seem) 


Figure  2.  The  measured  level  of  cross-contamination  in  the  hydrogen  emitter  under  the 
following  deposition  conditions;  hydrogen  filament  temperature  2500  K,  substrate  temperature 
1 100  K,  substrate  disk  rotation  at  200  RPM,  chamber  pressure  of  30  Torr,  and  200  seem  of 
argon  flowing  through  the  blank  emitters. 

To  further  illustrate  that  minimal  cros,s-coniamination  is  occurring  a  film  was  grown 
with  the  substrate  stationary  over  tlie  hydrogen  emitter  but  otherwise  under  conditions  identical 
to  the  growth  of  a  very  thick  film  with  rotation.  The  result  was  a  film  two  orders  of  magnitude 
thinner  than  in  the  rotating  case.  This  film  consisted  of  very  small,  <  O.lum,  individual 
panicles  of  material  only  near  the  edges  of  the  substrate.  This  is  contrasted  to  the  sequential, 
rotating,  case  which,  under  identical  conditions,  deposited  a  1  pm  thick  fully  agglomerated  film 
made  up  of  particles  greater  then  1  pm  is  size  well  faceted  with  facet  features  ~1  pm  in  size. 

ROLE  OF  ATOMIC  HYDROGEN 

To  investigate  the  role  of  atomic  hydrogen  in  the  deposition  of  diamond  a  series  of  films 
were  deposited  by  sequential  deposition  at  different  concentrations  of  atomic  hydrogen  by 
changing  the  temperature  of  the  filament  in  the  hydrogen  emitter.  All  other  deposition 
conditions  were  held  constant.  Films  were  deposited  on  scratched  <1()0>  silicon  wafers  at  a 
substrate  temperature  of  1060  to  1080  K.  The  total  deposition  time  was  10  hours,  resulting  in  a 
total  exposure  to  each  excitation  source  of  69  minutes. 

The  amount  of  atomic  hydrogen  can  be  estimated  by  assuming  that  the  filament  loses 
power  by  radiation,  conduction,  and  dissociation  of  hydrogen  molecules.  Observing  the 
characteristics  of  the  filament  in  helium  instead  of  hydrogen,  the  radiative  and  conductive 
components  can  be  measured,  and  by  allowing  for  the  difference  in  thermal  conductivities  of  the 
two  gases,  the  power  losses  excluding  hydrogen  dissociation  can  be  calculated.  From  this,  an 
estimate  of  the  power  consumed  to  dissociate  hydrogen  molecules,  and  hence  a  relative  measure 
of  the  atomic  hydrogen  concentration  can  be  made. 

Table  1  contains  the  deposition  conditions  data  for  ail  of  the  films  presented  he-e. 
Included  in  this  data  is  the  estimated  atomic  hydrogen  bombardment  per  atomic  site  on  the 
surface,  per  exposure  of  the  substrate  to  the  hydrogen  emitter. 


TABLE  I 


Deposition  conditions  of  eleven  samples.  Including  estimated  atomic  hydrogen  bombiU'dment. 
Film#  %CHa  CK'fil.TtKf  H->  fil.  TfKi  IHI  testimaledV 
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Figure  3  shows  SEM  micrographs  and  Raman  spectra  of  diamond  films  deposited  under 
identical  conditions,  except  that  the  flux  of  atomic  hydrogen  was  changed,  film  numbers  1.  4. 
and  6  in  Table  1..  The  conditions  for  the  depositions  were  4%  methane  in  helium  with  a 
filament  temperature  of  2050  K.  Pa'-s  hydrogen  was  supplied  to  the  opposite  emitter  stand  with 
filament  temperatures  set  at  1800  K  to  2300  K.  The  subsffate  was  kept  at  1100  K.  as 
determined  by  optical  pyrometry  and  rotated  at  200  RPM.  As  can  be  seen,  the  increase  in  the 
quality  of  the  deposited  film  at  increased  atomic  hydrogen  flux  is  quite  evident  in  the  improved 
morphology  of  the  films.  The  Raman  spectra  for  the  three  films,  clearly  shows  the  improved 
quality  with  increasing  hydrogen  flux.  The  Raman  spectrum  of  the  first  film  shows  a  large  sp- 
carbon  peak  at  1550  cm  '  and  no  sp4  diamond  peak  at  1332  cm  '.  The  second  film,  deposited 
at  a  higher  hydrogen  flux,  shows  a  decreased  1550  cm  '  peak  and  a  clear  peak  at  1332  cm  '. 
Finally,  the  third  film  shows  a  very  sharp  1332  cm  '  peak  with  very  little  sp^  content  and  a  low 
level  of  photoluminescence  background.  With  the  current  levels  of  concentration  of  atomic- 
hydrogen  we  are  able  to  generate,  we  have  been  able  to  deposit  good  quality  diamond  films  with 
up  to  8%  methane  in  helium.  Figure  4  shows  the  SEM  micrograph  and  Raman  spectra  of  two 
films  (sample  numbers  10  and  1 1)  deposited  with  8%  methane  in  helium.  The  first  film  is 
clearly  not  diamond  while  the  second  is  diamond  of  medium  quality.  The  cause  of  the  unique 
surface  morphology  of  sample  number  1 1  is  not  readily  apparent.  All  the  samples  in  Table  1 
exhibit  an  increasing  film  quality  as  measured  by  Raman  spectroscopy  as  a  function  of  increased 
atomic  hydrogen  concentration.  This  improvement  is  expected  since  hydrogen  has  long  been 
known  to  be  an  etchant  of  sp^  defects  in  diamond  films'-^. 

We  note  that  the  growth  rate  is  increasing  linearly  with  atomic  hydrogen  concentration. 
Figure  5  shows  the  thickness  of  the  deposited  films  as  a  function  of  the  temperature  of  the 
hydrogen  filament,  for  the  samples  listed  in  Table  1.  Film  thicknesses  were  determined  by 
Rutherford  backscattering  (RBS),  for  films  <  1  pm,  and  cross-sectional  SEM  for  thicker  films. 
Clearly,  increasing  the  temperature  of  the  hydrogen  filament  at  cnnstant  methane  concentration 
and  filament  temperature,  increased  the  thickness  of  the  deposited  film.  Additionally,  increasing 
the  supply  of  carbon,  by  increasing  the  temperature  of  the  methane  filament,  also  increased  the 
thickness  of  the  deposited  film.  Increasing  the  carbon  content  by  increasing  the  amount  of 
methane  in  the  source  gas  seems  to  have  a  mixed  effect.  Increasing  the  methane  concentration 
resulted  in  a  decreased  growth  rate  at  low  hydrogen  concentration  and  an  increased  growth  rate 
at  high  hydrogen  concentrations.  If  one  assumes  that  the  increased  growth  rate  at  constant 
carbon  conditions  is  due  to  an  increase  in  atomic  hydrogen  this  effect  could  be  explained  by  two 
growth  mechanisms. 


Pigure  3:  SEM  micrographs  and  Raman  specna  of  diamond  fUms  deposited  under  identical 
conditions,  except  that  the  flux  of  atomic  hydrogen  was  changed,  film  numbers  1 , 4,  and  6  in 
Table  1.  Hydrogen  filament  temperatures  were  1780,  2240,  and  2310  (K)  respectively. 


Figure  4:  SEM  micrographs  and  Raman  spectra  of  diamond  films  deposited  under  idendcaj 
conditions,  except  that  the  flux  of  atomic  hydrogen  was  changed,  film  numbers  10,  and  1 1  in 
Table  1.  Hydrogen  filament  temperatures  were  2000,  and  2220  (K)  respectively. 
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Figure  5.  Film  thickness  as  a  function  of  the  temperature  of  the  hydrogen  filament. 


Carbon  may  be  deposited  on  the  surface  in  three  ways;  (i)  as  a  non-diamond  film  on  top 
of  the  growing  diamond,  (ii)  as  individual  carbon  atoms  bonded  or  chemi-sorbed  to  the 
diamond  surface,  or  (iii)  carbon  may  deposit  directly  as  diamond,  (this  seems  sterically  possible 
for  the  <1(X)>  face,  but  less  so  for  the  <1 1 1>  face).  If  carbon  is  deposited  as  a  non-diamond 
phase  in  the  methane  emitter,  it  could  be  etched  off  by  the  atomic  hydrogen,  enter  the  gas  phase, 
collide  with  the  surface  of  the  substrate,  and  be  redeposited  as  diamond.  Increasing  the 
concentration  of  atomic  hydrogen  might  increase  the  probability  of  the  redeposition  reaction  thus 
increasing  the  film  growth  rate.  If  the  carbon  is  deposited  as  diamond  or  as  individual  carbon 
atoms  on  the  diamond  surface  in  the  methane  area,  the  increased  growth  rate  might  be  explained 
by  an  increase  in  the  reactivity  of  the  diamond  surface  with  increased  atomic  hydrogen  flux. 
This  increased  reactivity  could  be  due  to  several  mechanisms;  (i)  fewer  sp^  defects  on  the 
surface,  allowing  faster  surface  diffusion  and  higher  ledge  velocities,  (ii)  a  higher  surface 
diffusion  rate  due  to  increased  collisions  of  atomic  hydrogen  with  adsorbed  carbon,  or  (iii)  a 
higher  concentration  of  surface  ledges  necessary  for  growth,  due  to  the  roughening  of  the 
diamond  surface  by  atomic  hydrogen.  These  mechanisms  need  further  study  to  explain  the 
results. 

CONCLUSIONS 

By  using  the  novel  design  of  the  sequential  CVD  reactor  we  have  been  able  to 
demonstrate  the  growth  of  high  quality  diamond  films  by  separating  a  hydrocarbon  gas, 
methane,  and  an  atomic  hydrogen  source.  By  applying  differential  pumping  concepts  we  have 
shown  that  the  cross-contamination  between  the  gases  in  the  four  emitters  can  be  minimized  to 
have  a  negligible  influence  on  the  experiments. 

Our  results  with  separated  hydrocarbon  and  atomic  hydrogen,  produced  by  hot  filament 
technique,  indicate  that  high  quality  diamond  films  can  be  grown  at  hydrocarbon  concentrations 
as  high  as  8%  methane  in  a  helium  carrier  gas. 

The  growth  rate  is  a  linear  function  of  the  flux  of  atomic  hydrogen  for  the  levels  we  have 
been  able  to  achieve.  However,  as  the  competing  etching  rate  starts  to  increase  with  higher 
atomic  hydrogen  fluxes  a  tapering  off  of  die  growth  rale  is  anticipated. 

The  most  important  conclusion  we  draw  from  our  experiments  is  the  demonstration  of 
the  importance  of  surface  reactions  for  the  formation  of  diamond  films  as  compared  to  gas  phase 
reactions.  Although  we  do  not  want  to  preclude  the  significance  of  gas  phase  reactions,  we 
believe  that  the  crucial  reactions  occur  between  atomic  hydrogen  and  carbon  containing  species 
on  the  growing  surface.  This  is  also  confirmed  by  a  parallel  experiment  in  our  sequential 
reactor  where  the  substrate  is  sequentially  exposed  to  atomic  carbon,  supplied  by  sputtering  a 
graphite  target,  and  atomic  hydrogen,  resulting  in  an  excellent  quality  diamond  film^. 
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ABSTRACT 

Diamond  thin  films  were  grown  on  a  scratched  silicon  crystal  surface  by  a  novel  CVD 
technique.  The  heated  substrate,  mounted  on  a  rotating  platform,  was  exposed  to  a 
bombardment  of  sputtered  carbon  atoms,  from  a  graphite  target  in  a  helium  plasma,  and 
subsequently  bombarded  by  atomic  hydrogen  generated  by  a  hot  tungsten  filament.  The 
resulting  diamond  films  were  characterized  by  Raman  spectroscopy  and  SEM.  The  SEM 
images  indicate  highly  faceted  diamond  crystals  and  the  Raman  spectra  show  a  single  narrow 
peak  characteristic  of  pure  diamond  with  no  graphitic  component.  The  effective  growth  rate  is 
about  0.5  microns  per  hour  of  exposure  time.  The  novel  sequential  CVD  reactor  is  described 
and  possible  growth  mechanisms  are  discussed. 


INTRODUCTION 

The  wide  interest  in  low  pressure  CVD  diamond  films  has  been  prompted  by  the  unique 
material  properties  of  diamond.  Mixtures  of  hydrogen  and  hydrocarbon  gases  have  been  used 
extensively  for  synthesis  [1-3|.  Attention  has  focused  on  the  gas  phase  precursors  involved  in 
the  growth  of  the  diamond  film  14,5).  The  understanding  of  nucleation  and  growth  processes 
has  been  impeded  by  the  complex  and  poorly  understood  gas  phase  chemistry.  The  operating 
pressure  complicates  in  situ  diagnostics  thus  impeding  direct  verification  of  proposed  growth 
models  16,7|. 

In  an  attempt  to  understand  the  diamond  deposition  process  we  have  consffucted  a  novel 
setiuential  reactor  which  has  four  isolaied  gas  sources.  The  chemistry  and  excitation  of  each 
source  can  be  independently  varied.  This  permits,  for  example,  an  increase  in  the  amount  of 
atomic  hydrogen  independent  of  the  amount  of  carbon  incident  on  the  substrate.  The  substrate 
is  rotated  over  the  sources,  being  exposed  to  each  source  sequentially.  The  exposure  time  to 
each  source  is  in  the  millisecond  range  shorter  than  other  approaches  to  alternating  chemistry 
[8].  Thus,  deposition  parameters  such  as  growth  rate  and  film  quality  can  be  correlated  to 
single  chemical  species  and  some  indication  of  the  importance  of  certain  growth  processes 
involved  is  also  possible. 

We  present  here  the  deposition  of  diamond  by  a  simple  chemistry.  A  scratched  silicon 
substrate  is  exposed  first  to  a  sputtered  flux  of  atomic  carbon  from  a  graphite  target  in  a  helium 
plasma,  and  subsequently  to  a  flux  of  atomic  hydrogen,  generated  by  exposing  hydrogen  to  a 
hot  tungsten  filament.  Our  results  indicate  that  a  critical  parameter  influencing  film  thickness 
(growth  rate)  and  film  quality  (sp^  content)  is  the  flux  of  atomic  hydrogen  bombarding  the 
growing  surface. 


REACTOR  DESCRIPTION  AND  PERFORMANCE. 

The  basic  design  of  the  sequential  CVD  system  is  shown  in  Figure  1.  The  sources  are 
mounted  in  a  bell  jar  which  can  be  evacuated  to  2  x  10-’  Torr  using  a  diffusion  pump.  Four  gas 
emitter  assemblies  are  available,  each  one  inch  in  diameter.  Cross-contamination  between  any 
two  sources  can  be  made  arbitrarily  small  by  flowing  gases  at  a  high  rate,  typically  several 
hundred  seem.  The  substrate  was  mounted  on  a  rotating  plate  facing  the  gas  excitation  sources 
with  a  nominal  separation  distance  of  0.5  mm  from  each  gas  source.  A  tungsten  healer 
filament  located  behind  the  rotating  plate  is  responsible  for  heating  the  substrate  up  to  a 
temperature  of  1300K. 

Gases  flowing  through  the  sources  can  be  excited  by  different  means,  including  hot 
filament,  DC  glow,  and  RF  radiation.  However,  this  paper  only  addresses  expehmeins 
involving  the  excitation  of  hydrogen  gas  by  hot  filament  in  one  emitter,  and  the  sputtering  of 
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Figure  1:  Side  View  and  Top  View  of  Sequential  CVD  reactor. 

carbon  in  another  emitter.  The  hydrogen  emitter  utilizes  a  0.03"  diameter  tungsten  filament  to 
produce  atomic  hydrogen;  the  carbon  emitter  has  a  graphite  electrode  which  acts  as  a  sputtering 
target  to  produce  atomic  carbon.  Helium  is  used  as  the  sputtering  gas  in  a  DC  glow  discharge. 
The  reactor  was  operated  with  equal  flow  rate  in  the  two  emitters. 

A  parameter  of  interest  is  the  cross-contamination  of  the  sources  i.e.  the  flow  of  gas 
from  one  emitter  into  the  active  region  of  another  emitter.  In  order  to  achieve  isolation  between 
the  sources  it  is  imperative  that  the  cross-contamination  be  reduced  to  an  acceptable  level.  For 
these  experiments  it  should  not  be  able  to  account  for  the  growth  of  diamond  films.  The  cross¬ 
contamination  can  be  made  arbitrarily  small  by  increasing  the  gas  flow  rate  through  each  emitter. 
Figure  2  shows  the  level  of  cross-contamination  of  helium  in  the  hydrogen  emitter  as  a  function 
of  the  gas  flow  rate  through  each  emitter,  measured  under  deposition  conditions  by  mass 
spectrometer  sampling  of  the  hydrogen  emitter.  The  data  shows  that  the  cross-contamination 
can  be  made  arbitrarily  low  by  increasing  the  flow  rate.  The  data  in  Figure  2  were  obtained  with 
a  slightly  altered  geometry  as  compared  to  the  geometry  used  for  deposition  in  that  the  distance 
between  the  rotating  plate  and  the  sources  was  somewhat  smaller.  We  believe  that  this  does  not 
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H2,  He  Flow  Rate  (seem) 


Figure  2.  The  measured  level  of  cross-contamination  in  the  hydrogen  emitter  under  the 
following  deposition  conditions:  hydrogen  filament  temperamre  2500  K,  substrate  temperature 
1 100  K,  substrate  disk  rotation  at  2(X)  RPM,  chamber  pressure  of  30  Torr,  and  200  seem  of 
argon  flowing  through  the  blank  emitters. 


affect  our  experiments. 

Using  this  reactor,  high  quality  diamond  films  were  deposited  with  200  seem  of  He 
flowing  through  the  carbon  emitter  ana  200  seem  of  hydrogen  in  the  hot  filament  emitter.  To 
illustrate  that  hydrogen  contamination  of  the  carbon  source  is  not  responsible  for  diamond 
growth,  growth  of  a  film  was  attempted  with  the  filament  in  the  hydrogen  emitter  off.  The 
resulting  film  was  graphitic  with  no  diamond  content.  Carbon  diffusion  into  the  hydrogen 
emitter  could  also  account  for  diamond  growth.  To  evaluate  this  possibility  a  separate 
experiment  was  carried  out  wherein  8  seem  of  methane  and  192  seem  He  flowed  through  the 
helium  emitter,  with  the  DC  glow  discharge  turned  off,  and  200  seem  Hj  flowed  over  a  hot 
tungste.i  filament  through  the  opposite  emitter.  In  a  standard  10  hour  run  no  film  was  deposited 
despite  the  total  amount  of  gas  phase  carbon  present  being  over  an  order  of  magnitude  higher 
than  the  the  total  amount  of  carbon  sputtered  in  other  experiments  where  high  quality  diamond 
films  were  formed.  We  therefore  conclude  that  gas  phase  transport  of  carbon  to  the  hydrogen 
emitter,  or  hydrogen  to  the  carbon  emitter,  cannot  account  for  the  growth  of  diamond  films. 


RESULTS  AND  DISCUSSION 

Carbon  films  were  grown  under  three  separate  condition.s.  The  power  supplied  to  the 
hydrogen  filament  was  varied  resulting  in  different  filament  temperature  and  atomic  hydrogen 
flux  to  the  substrate.  The  glow  discharge  for  the  carbon  emitter  was  maintained  at  550  V  and 
150  mA  for  each  of  these  experiments.  All  the  other  experimental  conditions  were  held  constant 
for  each  experiment.  Scratched  (100)  silicon  wafers  were  used  as  substrates.  Substrate 
temperature  was  held  at  1070K  (+/-  5%)  as  measured  by  a  single  wavelength  optical  pyrometer. 
The  total  deposition  pressure  was  10  Torr  and  the  substrate  was  rotated  at  200  RPM,  resulting 
in  an  effective  exposure  of  69  minutes  to  each  source  for  a  10  hour  run. 

In  the  first  experiment,  no  power  was  supplied  to  the  filament  in  the  hydrogen  emitter. 
A  graphitic  film  was  formed  on  the  substrate,  as  expected.  The  mass  of  the  film  was  comptired 
with  the  weight  loss  of  the  cathode,  showing  that  22%  of  the  cariKin  sputtered  from  the  cathixlc 
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Figure  3.  SEM  micrographs  and  Raman  spectra  of  diamond  films  deposited  under  identical 
conditions,  except  that  the  flux  of  atomic  hydrogen  was  changed,.  Hydrogen  filament 
temperatures  were  2320  K  and  2560  K  respectively. 


was  deposited  on  the  .substrate.  From  the  measured  weight  of  the  film,  the  total  amount  of 
carbon  deposited,  in  monolayers  per  exposure,  was  calculated  (see  Table  1).  In  the  next  two 
experiments  the  power  supplied  to  the  filament  in  the  hydrogen  emitter  was  increa.sed  to  445W 
and  730W,  respectively.  The  increased  power  supply  results  in  an  increased  flux  of  atomte 
hydrogen  incident  on  the  substrate. 

Figure  3  shows  SEM  micrographs  and  Raman  spectra  of  these  two  films  .  As  can  be 
seen,  the  increase  in  the  quality  of  the  deposited  film  at  increa.sed  atomic  hydrogen  flux  is  quite 
evident  in  the  improved  morphology  of  the  films.  The  Raman  spectrum  of  the  first  film  shows 
a  large  sp^  carbon  peak  at  15.50  cm  '  and  a  small  broad  sp-’  diamond  peak  at  1332  cm  '.  Thc 
second  film,  deposited  at  a  higher  hydrogen  flux,  shows  a  decreased  15.50  cm  '  peak,  a  clear 
peak  at  1332  cm  ',  and  a  low  level  of  photoluminescence  background.  The  improvement  in 
film  quality  with  atomic  hydrogen  is  expected  since  hydrogen  has  long  been  known  to  he  an 
etcher  of  sp7  defects  in  diamond  films  1 1-3). 

1  able  I  contains  the  deposition  conditions  data  for  all  of  the  films  presented  here  The 
amount  of  atomic  hydrogen  is  estimated  by  assuming  that  the  filament  dissipates  power  bv 
radiation,  conduction,  and  dissociation  of  hydrogen  molecules.  Observing  the  characteristics  of 
the  filament  in  helium  instead  of  hydrogen,  the  radiative  and  conductive  components  can  be 
measured,  and  by  allowing  for  the  difference  in  thermal  conductivities  of  the  two  gases,  the 
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TABLE  I 

Deposition  conditions  of  two  samples.  The  estimated  atomic  hydrogen  flux  per  atomic  site  on 
the  surface,  per  exposure  of  the  substrate  to  the  hydrogen  emitter,  [H|,  is  also  included  . 

Film#  Total  Carbon  Monolayers  carbon  H2  fil-  |HJ  .  Film  Power  to  H2 
_ Soutteredfmg’)  per  exposure _ TfKl _ lest.')  Thicknessful  emitter 

1  15\  0.35  2320  800  .3  445 

2  189  0.44  2560  1700  .45  730 


power  losses  excluding  hydrogen  dissociation  can  be  calculated.  To  attain  the  same  filament 
temperatures  reported  for  the  two  samples  described  in  Table  1  with  helium  present  instead  of 
hydrogen,  260W  and  375W  were  required,  respectively.  A  model  which  considered  radiation 
and  conduction  from  the  filament  geometry  in  the  emitter  predicted  these  powers  to  within  +/- 
5%.  Using  the  same  model,  but  with  a  thermal  conductivity  appropriate  to  hydrogen,  the  power 
required  to  heat  the  filament  to  the  appropriate  temperatures  was  calculated  to  be  315W  and 
440W,  respectively.  The  difference,  130W  and  290W  respectively,  was  assumed  to  be 
required  to  dissociate  the  hydrogen.  It  was  further  assumed  that  approximately  25%  of  the 
atomic  hydrogen  is  incident  on  the  substrate. 

Film  thicknesses  were  determined  by  cross-sectional  SEM.  We  note  that  the  growth 
rate  is  increasing  with  atomic  hydrogen  concentration.  This  trend  matches  the  results  of  a 
parallel  experiment  where  the  carbon  was  supplied  by  methane  passed  over  a  hot  filament  19|. 

The  observed  growth  of  diamond  films  cannot  be  accounted  for  by  the  cross- 
contamination  of  the  sources  as  explained  earlier.  Thus  we  believe  the  carbon  atoms  deposited 
by  the  carbon  source  are  converted  to  the  diamond  phase  in  one  of  the  two  emitters  by  one  or 
more  .surface  reactions.  The  large  hydrogen  flux  required  may  be  necessary  to  induce  surface 
reactions  needed  to  promote  sp^  bonding.  The  increased  thickness  with  hydrogen  flux  could  be 
explained  due  to  an  increa.sed  roughening  of  the  surface  and/or  due  to  an  increase  in  the 
diffusion  rate  of  surface  species  enabling  a  faster  incorporation  of  these  into  the  growing 
diamond  film.  An  alternate  mechanism  is  also  possible  wherein  volatile  carbon  species  are 
desorbed  from  the  surface  modified  in  the  gas  pha.se  and  readsorbed  onto  the  growing  film. 
This  possibility  can  be  ruled  out  if  subsequent  experiments  show  that  it  is  possible  to  grow  at 
lower  pressures  since  the  probability  of  read.sorplion  would  be  decreased. 


CONCLUSIONS 

By  using  the  novel  design  of  the  sequential  CVD  reactor  we  have  demonstrated  the 
growth  of  high  quality  diamond  films  by  .sequential  exposure  to  a  carbon  source  of  sputtered 
graphite,  and  an  atomic  hydrogen  source,  without  supplying  a  hydrocarbon  gas. 
Experimentally  we  have  verified  that  the  cross-contamination  between  the  gases  in  the  sources 
was  minimized  to  have  a  negligible  influence  on  the  experiments. 

The  growth  rate  of  the  deposited  films  was  observed  to  increase  with  the  flux  of  atomic- 
hydrogen.  This  is  in  confirmation  with  a  parallel  experiment  in  our  sequential  reactor  where  the 
substrate  is  sequentially  exposed  to  carbon,  supplied  by  heating  methane,  and  atomic  hydrocen 
|9J. 

Based  on  this  work  we  propose  that  the  growth  of  diamond  films  in  the  sequential  CVD 
reactor  is  primarily  governed  by  surface  reactions.  The  necessity  of  gas  phase  precursors  can 
be  precluded  unless  a  complex  process  is  operating  wherein  surface  species  are  desorbed, 
modified  in  the  gas  pha.se  and  then  redeposiied. 

The  role  of  atomic  hydrogen  was  studied  directly  by  using  the  process  of  sequential 
CVD.  The  atomic  hydrogen  flux  was  independently  varied  for  a  given  flux  of  carbon. 
Diamond  content  in  the  deposited  films  and  film  quality  scaled  directly  with  the  amount  of 
atomic  hydrogen  in  the  hydrogen  emitter.  The  increase  in  growth  rate  with  atomic  hydrogen 
could  be  due  to  an  increase  in  surface  roughening  and/or  due  to  an  increased  mobility  of  surface 
species. 
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ABSTRACT 

Rudder  et  al.  [1]  observed  heavy  (>10’  cm'^)  diamond 
nucleation  on  unscratched  Si  wafers  overlaid  with  carbon  fibers 
during  CVD  growth.  We  demonstrate  that  the  nucleation  occurs  on 
the  edges  of  etch  pits  and  carbon-rich  particles  resulting  from 
reaction  between  the  fibers  and  the  substrate.  Both  the  etch  pits 
and  the  particles  satisfy  what  we  consider  to  be  two  necessary 
conditions  for  'spontaneous'  nucleation;  a  carbon-saturated  surface 
and  high  energy  sites  (unsatisfied  valencies)  at  edges  and  steps. 

Introduction 

Scratching  with  diamond  or  Sic  grit  increases  diamond 
nucleation  density  on  many  substrates  from  roughly  10*  cm'^  up  to  lo" 
cm'^  [2],  [3],  [4]  but  is  not  useful  for  heteroepitaxy  or 
single-crystal  growth  because  the  nucleation  events  and  subsequent 
crystal  growth  usually  occur  randomly  with  respect  to  each  other. 
In  this  wor)c,  we  use  carbon  fibers  to  increase  diamond  nucleation 
on  unscratched  Si  substrates  during  growth  in  a  hot-filament 
reactor,  as  has  been  done  previously  in  an  RF  reactor  [IJ.  We  use 
the  results  to  identify  and  elucidate  some  of  the  factors  involved 
in  diamond  nucleation. 

Experimental: 

Samples  were  prepared  by  placing  carbon  fibers  directly  on  Si 
substrates  for  various  periods  of  time  in  a  hot-filament  reactor. 
Ni,  Cu,  and  Ta  substrates  were  also  used  for  comparison.  The 
fibers  (Aesar,  99.5%  pure,  8  urn  diameter),  were  polyacrylonitrile 
(PAN)  fibers  carbonized  at  high  temperature  to  yield  principally 
graphitic  carbon.  The  Si  was  Si(lOO),  n-type,  doped  with  2x10'”  cm’ 
Sb.  The  fibers  were  laid  across  the  substrates,  sometimes  secured 
by  tabs  of  metal  or  other  pieces  of  Si,  and  appeared  to  contact  the 
substrate  for  much  of  their  length. 

The  samples  were  exposed  to  a  hot-filament  environment  of  1% 
CH,  in  Hj,  at  a  substrate  temperature  of  850-925°C,  as  measured  with 
a  thermocouple  attached  to  the  sample  mount.  The  Re  filament 
temperature  was  2150‘’C,  as  measured  with  an  optical  two-color 
pyrometer.  The  gas  flow  rate  was  100  seem  and  the  chamber  pressure 
was  40  Torr.  The  growth  times  ranged  from  15  minutes  to  4  hours. 
Si  substrates  overlaid  with  carbon  fibers  were  also  heated  under 
vacuum  or  Ar,  or  in  atomic  hydrogen  alone  at  OOCC  for  30-240 
minutes  before  growth  under  standard  conditions. 

Following  growth,  the  samples  were  analyzed  using  optical  and 
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scanning  electron  microscopy  (SEM) ,  microRaman  scattering,  and  the 
scanning  Auger  microprobe  (SAM) .  Some  samples  were  analyzed  and 
then  reinserted  into  the  reactor  for  further  growth. 


Results: 

Diamond  crystals  grew  on  the  substrate  in  straight  lines, 
apparently  originating  at  the  fiber/ substrates  junction  and  were 
connected  by  50-500  nm  debris  trails,  as  seen  in  Figure  la-b.  The 
facetted  particles  were  confirmed  to  be  diamond  on  the  basis  of  the 
1332  cm*  diamond  Raman  phonon.  Debris  trails  and  diamond  crystals 
were  observed  after  15  minutes  of  growth.  Very  heavy  nucleation 
densities  (>10’  cm'^,  normalized  to  the  trail  area)  occurred  on  some 
of  these  trails  exposed  for  >1  hour,  so  that  the  crystals  formed  a 
continuous  1-dimensional  line.  We  observed  some  variability  in  the 
crystal  density,  which  we  attribute  to  poor  f iber/substrate  contact 
or  inadequate  substrate  temperature  control.  The  crystals  were 
larger  (al  /im)  than  we  have  previously  observed  for  such  short 
growths,  indicating  early  nucleation  and/or  a  high  growth  rate. 
They  were  also  uniformly  sized,  suggesting  simultaneous  nucleation 
at  many  points,  or  self-limiting  growth  [5]. 


Figure  la:  Scanning  electron  micrographs  (2kX)  of  diamond  crystals 
and  trails  left  after  exposing  an  unscratched  Si (100)  wafer 
overlaid  with  carbon  fibers  to  hot  filament  diamond  growth  for  4 
hours;  a)  magnif ication=2000x;  and  b)  magnification  =6000x. 

The  debris  composing  the  trails  generally  consisted  of  very 
fine  (<50  nm)  particles  on  top  of  the  Si  substrate,  however  as  seen 
in  Figure  2a,  some  of  the  trails  were  actually  'trenches'  composed 
of  coalesced  etch  pits  in  the  Si  substrate.  The  diamond  crystals 
originated  on  the  debris  particles  or  on  the  trench  edges. 
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Figure  2 :  Scanning  electron  micrograph  of  features  on  unscratched 
Si  substrates  overlaid  with  carbon  fibers  and  exposed  to  the  hot 
filament  diamond  growth  environment  (1%  CH^/H,) :  a)  etch  pits  formed 
under  the  fibers  after  15  minutes  (4.5kX);  and  b)  etch  pits  formed 
at  925 “C  away  from  the  fibers  (600x) . 

Some  of  the  samples  which  had  been  exposed  for  15  minutes  were 
examined  and  then  grown  on  again  for  an  additional  three  hours 
after  the  carbon  fibers  were  removed.  The  debris  trails  from  the 
initial  15-minute  exposure  continued  to  nucleate  diamond. 

Samples  heated  under  vacuum  or  Ar  had  'fluffy'  black  carbon 
over  much  of  their  surfaces,  although  the  fibers  occupied  only  a 
narrow  area  in  the  sample  center.  Neither  the  area  directly  under 
the  fibers,  nor  the  rest  of  the  surface  had  well-defined  etch  pits 
or  diamond  crystals.  The  debris  trails  on  samples  heated  under 
atomic  hydrogen  appeared  identical  to  those  on  regular  samples. 

The  scanning  Auger  microprobe  (SAM)  revealed  that  the  debris 
trails  and  etch  pits  had  elevated  C/Si  ratios  compared  to  the 
surrounding  substrate.  The  C-KLL  lineshape  was  graphitic  [6], 
with  a  possible  silicon  carbide  component.  The  Si-LMM  lineshape 
contained  elemental,  oxidized  and  possibly  carbidic  contributions. 
The  high-intensity  electron  beam  altered  the  carbon  lineshape  and 
reduced  the  surface  oxygen.  Only  C,  Si,  and  O  were  found  in  the 
trails,  with  one  exception.  Auger  examination  of  the  carbon  fibers 
before  and  after  growth  revealed  no  contaminants,  indicating  that 
contaminants  were  not  involved  in  the  nucleation  process. 

Some  samples,  inadvertantly  heated  to  >900 "C  under  growth 
conditions,  developed  large  numbers  of  oriented,  square  etch  pits, 
seen  in  Figure  2b.  The  pits  were  very  rough,  with  labyrinthine 
ledges  and  pits.  The  C/Si  ratios  were  elevated  in  the  outer 
regions  of  the  pits,  similar  to  the  fiber  trails,  but  dropped 
towards  the  center.  The  Auger  lineshapes  were  stable  and  carbidic. 
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Discussion: 

It  appears  that  diamond  nucleation  occurs  on  both  the  etch  pit 
edges  and  the  small  particles  of  carbon-rich  debris  regions 
directly  underlying  the  fibers.  Both  satisfy  the  criteria  of 
carbon  saturation  and  large  numbers  of  edge  sites.  Most  diamond 
crystals  originated  on  debris  since  etch  pits  occurred  less 
frequently  on  most  of  the  samples. 

The  nucleation  enhancement  could  be  due  to  either  gas  phase 
nucleation  or  to  reaction  of  carbon  with  the  substrate  to  form  a 
surface  nucleation  site.  He  support  the  latter  interpretation 
since  nucleation  continues  on  the  trails  even  when  the  fibers  are 
removed  15  minutes  into  the  growth,  and  therefore  cannot  act  as  a 
carbon  reservoir  or  otherwise  alter  the  gas-phase  chemistry.  It  is 
unclear  whether  the  carbon  reaches  the  surface  via  a  solid-state 
reaction  at  the  fiber/ substrate  point  of  contact  or  is  gasified  and 
transported  to  the  surface.  However,  the  narrowness  of  the  debris 
trails  is  consistent  with  a  direct,  solid-state  reaction  between 
the  fiber  and  substrate.  Stable  carbon  species  move  throughout  the 
system  via  diffusion,  bouyancy  and  convection  effects,  exceeding 
the  observed  50-500  nm  thickness  of  the  debris  trails  [7]. 
Under  Ar  or  vacuum  the  carbon  from  the  fibers  vaporized  and 
redeposited  on  the  substrate,  but  was  apparently  not  re-evaporated, 
possibly  due  to  a  temperature  difference.  A  fiber  in  proximity  to 
the  substrate  could  partally  shield  it  from  the  atomic  hydrogen 
flux  and  increase  the  carbon  flux  from  the  fiber  to  the  substrate. 
Carbon  species  could  be  stabilized  there  and  ultimately  develop 
into  carbidic  and/or  graphitic  debris  particles  and  nuclei,  while 
carbon  deposited  elsewhere  was  etched  by  the  atomic  hydrogen,  as 
demonstrated  in  the  SAM  results  showing  a  sharp  carbon  gradient  in 
the  substrate  when  the  fibers  are  heated  under  atomic  hydrogen 
alone.  The  balance  between  the  carbon  flux  (whether  from  a  solid 
carbon  reservoir  or  the  gas  phase)  and  etching  by  atomic  hydrogen 
or  oxygen  probably  controls  the  development  of  nucleating  features. 

Nucleation  enhancement  could  also  occur  if  Si  gasifies  from 
the  substrate,  then  re-deposits  on  the  fibers  and  converts  to  Sic 
particles  which  nucleate  diamond.  However,  the  narrowness  of  the 
crystal  lines  on  the  substrate  seems  to  exclude  this  mechanism. 
Furthermore,  examination  of  the  fibers  after  growth  revealed 
evidence  of  only  low  density  diamond  nucleation. 

Yang  [8]  observed  that  single  crystal  Si(OOl)  developed 
large  numbers  of  square  etch  pits  when  coated  with  low  levels  of 
carbon  and  then  heated  to  SBO'C  or  above  in  vacuum.  The  square 
pits  resemble  those  formed  on  our  Si  samples  described  above, 
suggesting  a  common  mechanism  responsible  for  their  formation. 

CVD  diamond  nucleation  probably  occurs  in  two  ways;  1)  homo- 
or  heteronucleation  on  fragments  of  the  scratching  material  left 
embedded  in  the  substrate  (the  principal  nucleation  mechanism  on 
diamond-scratched  Si  substrates),  or  2)  spontaneous  formation  on 
appropriate  substrate  surface  features  and  defects.  Recent  HRTEM 
micrographs  (2)  confirm  diamond  fragment  transfer  to  Si  substrates 
during  ultrasonication  in  a  diamond  suspension,  and  subsequent 
growth  of  the  fragments  into  regularly-facetted  diamond  crystals 
during  CVD.  However,  heavy  nucleation  can  also  be  initiated  by 
non-diamond  materials  under  proper  conditions,  such  as  controlled 
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rubbing  of  a  sapphire  stylus  across  a  Si  substrate  before  growth 
[9].  Specific  stylus-induced  damage,  especially  fine  cracks  and 
sharp,  small-diameter  Si  debris,  clearly  enhances  diamond 
nucleation.  Such  debris  possesses  two  characteristics  which  we 
believe  are  necessary  for  spontaneous  (i.e.  non-epitaxial) 
nucleation;  1)  a  high  surface  to  volume  ratio  leading  to  rapid 
carbon  saturation;  and  2)  sharp  edges  with  high-energy  sites  for 
bonding  and  stabilization  of  nucleating  species.  The  carbon- 
saturated  zone  retards  further  carbon  diffusion  into  the  substrate 
bulk,  so  the  substrate  surface  carbon  concentration  rises  [10]. 
Diamond  nucleation  may  originate  in  random,  fluctuating 
aggregations  of  carbon  on  the  substrate  surface,  which  survive  long 
enough  to  grow  by  carbon  addition  into  stable  nuclei.  Such  sub- 
critical  radius  nuclei  are  by  definition  thermodynamically  unstable 

[11] ,  especially  in  the  etching  diamond  growth  environment,  and 
the  stability  and  density  of  such  species  might  be  increased  by 
higher  surface  carbon  concentrations.  In  addition,  sharp  edges  and 
defects  contain  unsatisfied  valencies  (dangling  bonds)  which  could 
stabilize  nucleating  species.  Suggested  nucleating  species  include 
molecular  analogs  of  the  various  diamond  crystal  morphologies 

[12] , [13],  and  cyclohexane  [14]. 

Both  a  carbon-saturated  substrate  and  appropriate  surface 
features,  must  simultaneously  be  present  for  non-homo-epitaxial 
nucleation.  Even  carbon-saturated  surfaces  such  as  single  crystal 
Sic  [15]  or  basal  plane  graphite  [16]  nucleate  poorly  compared  to 
diamond-scratched  Si  or  graphite  edge  planes. 

The  nucleating  high  energy  sites  may  not  be  on  the  initial 
substrate.  For  example,  Sic  develops  a  graphitic  carbon  layer  at 
high  temperatures  due  to  preferential  Si  evaporation,  and  sharp 
features  on  the  Sic  surface  might  develop  such  a  layer  more  rapidly 
than  bulk  Sic.  The  resulting  graphite  edge  sites  could  nucleate 
directly  by  providing  an  appropriate  site  to  stabilize  diamond  or 
could  in  turn  stabilize  hydrocarbons  or  other  species  which  then 
nucleate  diamond.  Other  substrates  such  as  Ni  [17]  and  Pt 
[18]  develop  graphitic  carbon  and  hydrocarbon  layers  prior  to 
diamond  growth.  Diamond  nucleation  may  increased  when  etching  by 
appropriate  levels  of  atomic  hydrogen  or  oxygen  increases  the 
number  of  graphite  edge  sites.  However,  high  levels  of  oxygen  in 
the  feedgas  suppress  formation  of  the  graphite  and  hydrocarbon 
layers,  and  ultimately  inhibit  diamond  nucleation  on  Pt  [19]. 

Conclusions  We  have  demonstrated  dense  CVD  diamond  nucleation  on 
unscratched  substrates  overlaid  with  carbon  fibers  and  exposed  to 
a  hot  filament  growth  environment.  The  nucleation  occurs  on  etch 
pits  and  SiC  debris  particles  created  by  reactions  between  the  Si 
substrate  and  the  carbon  fibers.  The  results  are  consistent  with 
other  observations  of  nucleation  on  unscratched  substrates 
exhibiting  carbon-saturation  and  sharp-edged  surface  features. 
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ABSTRACT 

The  growth  of  CVD  diamond  onto  iron  based  substrates  is  complicated  by  preferential  soot 
formation  and  carbon  diffusion  into  the  substrate,  leading  to  poor  quality  films  and  poor 
adhesion.  One  strategy  to  overcome  the.se  problems  is  the  use  of  thin  film  barrier  layers  between 
the  Fe  substrate  and  the  growing  diamond  film.  The  present  investigation  reports  the  growth  of 
diamond  films  on  Fe  substrates  coated  with  thin  films  of  TiN.  The  effectiveness  of  the  TiN 
layers  in  inhibiting  C  diffusion  into  the  Fe  substrate  was  investigated  by  Auger  measurements 
of  the  C  distribution  within  the  TiN  layer,  thrrrugh  the  interface  and  into  the  substrate  both 
before  and  after  diamond  deposition. 

The  results  show  that  a  layer  of  TiN  only  250A  thick  is  sufficient  to  inhibit  soot  formation 
and  C  diflusion  into  the  Fe  bulk,  as  well  as  providing  nucleation  sites  for  CVD  diamond 
growth. 


INTRODUCTION 

The  growth  of  Chemically  Vapour  Deposited  Diamond  on  many  substrates,  including  tool 
materials  (cemented  carbide,  SiAlON,  SiC  and  Tungsten  cutting  lips)  has  been  extensively 
studied  in  recent  limes  (1-5|.  Despite  this  the  deposition  of  diamond  on  Fe  based  tools  remains 
comparatively  unreported  and  is  pcwrly  understood.  Some  authors  |6.7)  have  commented  that  it 
is  difficult  to  grow  diamond  on  Fe.  The  factors  which  have  been  suggested  to  mitigate  against 
good  quality  diamond  growth  on  Fc  (as  compared  to  other  metals  such  as  Tungsten),  are  (i)  soot 
formation  on  the  surface  presumably  due  to  the  catalytic  effect  of  the  Fe  substrate,  and  (ii)  the 
diffusion  ofC  into  the  Fe  bulk.  The  latter  may  also  lead  to  embrittlement  of  the  Fe  substrate. 

The  presence  of  a  suitable  barrier  layer  on  the  Fe  substrate  may  well  overcome  some  or  all  of 
the  above  problems.  In  this  study  we  report  the  effect  of  thin  TiN  layers  on  the  nucleation  and 
growth  of  diamond  on  Fe  substrates.  TiN  was  chosen  because  (i)  it  is  extensively  used  as  a 
hard-coating  on  steel  and  cemented  carbide  uxtis  and  (ii)  it  is  known  to  be  very  effective  as  a 
diffusion  barrier  (8,9).  Herein,  we  .show  that  the  presence  of  even  a  very  thin  film  of  TiN  on  the 
Fe  surface  docs  indeed  inhibit  soot  formation  on  the  surface  and  the  diffusion  of  C  into  the  Fe 
bulk. 


EXPERIMENT 

substrates  were  cut  from  a  piece  of  magnet  iron  as  plates  of  dimension  10  x  10  x  0.7 
mnr^.  Auger  spectroscopy  revealed  C  (<5  at.  %)  and  Si  (-12  at.  %)  as  the  only  impurities  to 
within  the  .sensitivity  of  the  Auger  technique  (2  at.  %  in  these  samples).  The  samples  were 
mechanically  polished  to  a  0.5/4m  diamond  paste  finish  and  then  ullrasonically  cleaned  in 
acetone  and  ethanol.  Using  a  TENCOR  ALPHASTEP  250  profiler  it  was  found  that  the  typical 
surface  roughness  was  ~0..3p,m. 

Reactive  Magnetron  Sputtering  was  used  to  deposit  thin  TiN  films  250,  500  and  lOOOA 
thick.  A  mask  was  used  to  shield  half  the  specimen  from  the  TiN  deposition  leaving  half  of  the 
sample  uneoaled.  These  samples  were  used  to  investigate  the  effect  of  the  TiN  as  a  diffusion 
barrier. 

For  studies  of  the  CVD  diamond  growth  as  a  function  of  time,  thick  (1.4/im)  TiN  films  were 
deposited  using  a  atmmcrcial  electron  beam  coaling  unit.  The  mask  used  for  these  specimens 
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was  slightly  displaced  from  the  substrate  leading  to  seepage  of  the  TiN  film  creating  a  graded 
interlace  of  varying  thickness  of  TiN.  No  CVD  diamond  growth  occurred  in  the  region  of  the 
thick  TiN.  Hiwcver,  growth  did  occur  in  the  region  of  the  substrate  in  which  the  film  thickness 
was  about  700A;  it  is  growth  on  this  section  of  the  TiN  film  which  is  reported  herein  as  the  time 
scries  reported  in  figure  3. 

The  CVD  diamond  deposition  system  consists  of  an  Evanson  Cavity  encasing  a  1"  vertical 
quartz  tube  containing  the  reactant  gases  (melhanc/hydrogen  mix),  which  are  excited  using  a 
frequency  of  2.45  GHz  [  10|.  Prior  to  insertion  in  the  CVD  system,  TiN  coaled  specimens  were 
again  thoroughly  cleaned  in  acetone  and  ethanol.  The  deposition  parameters  used  were  Pressure 
-  30  Torr;  Flow  Rate  -  100  seem;  CH4/H2  -  and  Temperature  -  OOO^C.  For  studies  of 
diamond  growth  as  a  function  of  time,  deposition  limes  of  7'/2,  15,  30,  60,  120,  240,  and  360 
minutes  were  used.  Temperature  was  measured  using  an  optical  pyrometer. 

Auger  Electron  Spectroscopy  (AES)  was  used  to  investigate  the  near  surface  region  (~20A) 
and  the  composition  as  a  function  of  depth  of  the  substrates  before  and  after  CVD  diamond 
deposition.  The  measurements  were  performed  with  a  Varian  Cylindrical  Mirror  Analyser 
(CMA)  with  a  coaxial  electron  gun.  The  sputtering  was  via  Argon  ion  bombardment  with  an  ion 
energy  of  2keV  and  a  current  of  90nA  into  a  spot  approximately  100/ttm  in  diameter.  The  Auger 
line  shape  provides  clear  signatures  for  different  allotropes  of  carbon  [11|  and  for  carbides. 
These  signatures  have  been  used  to  gain  qualitative  information  about  the  nature  of  the  bonding 
in  the  films.  The  concentration  of  an  element  X  was  estimated  by 

Ix/Sx 


Sail  elements^  x 

where  Ijj  is  the  peak  to  peak  intensity  of  the  Auger  line  and  S,  is  the  sensitivity  factor  [12].  The 
sensitivity  factors  used  were  0.14.  0.2,  0.34  and  0.29  for  C.  Fe,  Ti  and  Si  respectively.  Micro- 
Raman  spectra  were  taken  using  the  488nm  excitation  line  of  an  Argon  ion  laser  with  a  spot  size 
of  I-2/xm  and  resolution  of  6cm'*. 


RESULTS 

Figure  1  is  an  SEM  micrograph  of  the  TiN/Fc  interface  region  after  714  minutes  of  CVD 
diamond  deposition  and  Figure  2  shows  a  similar  region  after  2  hours  of  growth.  In  each  case 
region  (a)  is  the  portion  of  the  sample  which  has  been  TiN  coated  (250  A)  and  region  (b)  is  the 
uncoaled  Fc  surface.  After  only  7‘/2  minutes  a  continuous  film  has  formed  on  the  Fe,  whilst 
there  is  no  growth  on  the  TiN.  The  thickness  of  the  film  was  measured  by  surface  profilomctry 
to  be  0.4  fim.  "nic  material  is  soft  and  can  be  easily  .scratched  by  the  profilometer  stylus  at  loads 
a9mg.  After  2  hours  (Fig.  2)  particles  have  formed  on  both  the  coated  (250A  TiN)  and 
uncoated  surfaces,  but  the  particles  on  the  Fc  have  grown  on  top  of  the  thick  film  which  has 
formed  in  the  first  few  minutes  of  growth.  Interestingly,  the  maximum  nucleation  density  on  the 
TiN  coated  portion  of  the  sample  occurred  at  the  TiN/Fe  interface  where  the  TiN  is  very  thin. 
This  probably  suggests  that  the  deposited  TiN  is  causing  smtxrthing  of  the  diamond  abraded 
surface  and  the  optimum  thickness  suitable  for  diamond  growth  on  TiN  coated  Fe  may  be  less 
than  the  250A  used  in  the  present  study.  After  6  hours  of  growth  (not  shown)  the  diamond 
particles  coalesce  to  form  a  continuous  film  on  both  the  TiN  and  Fe  substrates. 

Further  insight  into  the  evolution  of  the  CVD  diamond  particles  was  provided  by  Auger 
spectroscopy.  The  inset  to  Figure  3  shows  the  C(KLL)  Auger  line  shapes  for  graphite  (a), 
amorphous  carbon  (b)  and  diamond  (c).  One  way  of  parameterizing  these  signatures  is  to  extract 
the  ratio  G=100()*(A/B)  (see  inset,  figure  3).  The  values  of  G  for  diamond,  amorphous  carbon, 
glassy  carbon  and  highly  oriented  pyrolytic  graphite  are  -20±  10,  40±  10,  1 10±  10  and  210±  10 
respectively.  Hence,  the  larger  G,  the  larger  the  graphitic  component  of  the  material.  Figure  3 
plots  this  G  parameter  as  a  function  of  growth  time  for  both  the  uncoated  and  TiN  coated 
portions  of  the  sample.  For  the  uncoalcd  area  there  is  a  clear  change  in  the  G  parameter  after  2 
hours  of  growth  which  corresponds  to  the  appearance  of  the  small  particles  shown  in  Figure  2. 
By  contrast  on  TiN  there  is  a  dramatic  change  in  the  G  parameter  after  only  one  hour  of  growth. 
The  line  shape  is  characteristic  of  diamond. 

Raman  spectra  (Figure  4)  taken  after  one  and  two  hours  of  growth  are  consistent  with  the 
above  trends.  After  one  hour  there  is  clear  evidence  of  diamond  growth  on  TiN,  whilst  the 
growth  on  Fe  appears  to  be  graphitic.  After  two  hours  diamond  particles  can  be  found  on  both 


Figure  1  -  SEM  micrograph  of  ihe  (a)  TiN 
(250A)  and  (b)  Fe  interface  after  7'/jmin.  of 
eVD  diamond  deposition.  The  scale-marker 
represents  lO^m. 
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Figure  2  -  SEM  micrograph  of  the  (a)  TiN 


Figure  4  -  Micro-Raman  Spectra  of  the 
growth  on  (a)  Fe  and  (b)  TiN  (700A)  after  1 


(250A)  and  (b)  Fe  interface  after  2  hours  of  hr.  of  CVD  diamond  deposition  and  (c)  Fe 
eVD  diamond  deposition.  The  scale-marker  and  (d)  TiN  (SOOA)  after  2  hours  of  CVD. 
represents  10/tm. 
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Figure  .1  -  The  G  parameter  as  a  function  of  Deposition  Times  for  Fe  and  TiN  (700A).  The  inset 
shows  the  line  shapes  of  the  three  carbon  allolropcs  observed  and  how  the  A/B  ratio  is 
measured. 
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TiN  and  Fe.  However,  il  musl  be  noted  that  the  diamond  particles  on  Fe  grow  on  lop  of  a  thick 
layer  of  soot.  Whilst  micro-Raman  measurements  are  spatially  selective  the  Auger 
measurements  sample  both  the  .s(x>t  and  the  particles.  Hence  the  G  parameter  is  somewhat 
greater  for  the  deposit  on  Fe  than  on  TiN. 

Figure  5  displays  an  Auger  Depth  Sputter  Profile  of  the  uncoated  Fe  substrate  after  7>/2  min. 
eVD  deposition  time.  It  shows  that  a  sputter  time  of  175  minutes  is  required  to  obtain  the  pre- 
eVD  carbtm  concentration  within  the  iron  (C  <5  at.  %).  The  depth  of  the  sputter  crater  was 
estimated  by  profilometry  to  be  approximately  Iftm.  From  these  measurements  il  is  clear  that 
there  has  been  considerable  diffusion  of  the  carbon  into  the  Fe.  Surprisingly,  there  is  up  to  30  at 
%  Fe  at  the  surface,  indicating  that  the  soot  formation  may  also  involve  diffusion  of  Fe  into  the 
carbon  layer. 

The  inset  (a)  to  figure  5  shows  the  Auger  lineshape  of  the  carbon  close  to  the  surface  which 
is  typical  of  graphitic  carbon  with  the  satellite  peak  at  -30eV  to  the  left  of  the  main  peak  at  272 
eV.  As  the  Fe  concentration  increases  deeper  into  the  sample  the  C(KLL)  lineshape  (b)  shows 
evidence  of  the  presence  of  carbidic  carbon  (presumably  FcjC)  with  the  emergence  of  two 
more  satellite  peaks  displaced  1 1  and  19cV  to  the  left  of  the  272  eV  peak.  The  observed 
lineshape  however  docs  not  appear  to  be  one  of  pure  carbide  since  it  is  asymmetric.  This 
suggests  that  the  layer  is  a  mixture  of  graphitic  and  carbidic  carbons  at  this  depth.  The  line 
shape  becomes  increasingly  carbidic  as  one  sputters  even  deeper  into  the  film.  However,  once 
the  C  level  reaches  that  observed  in  the  virgin  Fe  samples,  the  line  shape  once  again  appears  to 
be  graphitic. 

Figure  6  shows  an  AES  depth  profile  of  the  portion  of  the  sample  coaled  with  25oA  of  TiN 
on  Fe  after  IV2  min.  of  CVD  diamond  deposition.  Estimation  of  the  N  content  of  TiN  films  is 
complicated  by  the  overlap  of  the  N(ICLL)  and  Ti(LMM)  transitions.  Based  on  the  method 
described  in  ref.  1 13],  wc  c,stimated  that  the  Ti/'N  ratio  was  about  i;l.  However,  this  procedure 
is  fraught  with  errors  and  for  the  depth  profile  we  have  plotted  only  the  relative  Ti,  Fe  and  C 
concentrations.  The  sputter  profile  shown  in  Figure  6  is  very  similar  to  that  obtained  from  depth 
profiling  of  the  TiN  layer  prior  to  CVD  deposition.  In  particular  there  is  no  increase  in  the  C 
concentration  underneath  the  TiN  layer  following  exposure  to  the  CVD  plasma.  The  inset  to 
Figure  6  shows  the  line  shape  of  the  carhon  in  the  TiN  layer,  which  is  characteristic  of  a  carbide 
(presumably  TiC),  which  is  present  both  before  and  after  CVD  deposition  and  is  presumably 
attributable  to  contamination  in  the  TiN  magnetron  sputter  system.  Comparison  of  Figures  5 
and  6  convincingly  shows  that  the  TiN  has  been  very  effective  as  a  barrier  against  diffusion  of 
C  into  the  Fe  substrate.  Similar  results  were  obtained  after  2  hours  of  CVD  deposition. 


DISCUSSION 

1.  Growth  on  uncoaled  Fe:  In  the  very  early  stages  of  exposure  to  CVD  diamond  conditions  a 
thick  film  forms  on  the  Fe  substrate.  This  film  is  graphitic  in  nature  as  has  been  confirmed  by 
both  Raman  and  Auger  measurements.  However,  despite  the  fact  that  the  film  is  of  the  order  of 
0.4/xm  thick  after  only  7'/2  minutes  of  diamond  deposition,  a  con.sidcrablc  amount  of  Fe  is 
present  on  the  surface.  It  is  not  clear  whether  this  is  due  to  Fc  diffusing  up  through  the  deposited 
layer  or  due  to  the  formation  of  a  complicated  mixture  of  Fe-^C  and  graphite.  The  equilibrium 
phase  diagram  for  Fc/C  ( 14]  (which  is,  of-course,  not  strictly  applicable  for  the  non-equilibrium 
conditions  prc.scnl  in  the  microwave  plasma)  shows  the  po.ssibilily  of  a  mixture  of  Fe^^C  and 
graphite  at  90(PC  at  high  carbon  concentrations,  abtrve  25  at.  %.  On  the  other  hand,  because 
our  AES  analysis  is  performed  at  room  temperature,  wc  cannot  distinguish  between  carbide 
formed  at  900^C  or  upon  decomposition  of  austenite  into  ferrite  and  Fe3C  during  normal 
cooling.  Formation  of  such  a  mixture,  ptissihly  concomitant  with  swelling,' is  consistent  with 
our  observations  of  both  carbidic  and  graphitic  carbons  in  this  layer,  although  the  possibility  of 
diffusion  of  Fe  to  the  surface  cannot  be  discounted. 

After  2  hours  of  exposure  to  CVD  conditions,  diamond  particles  nucleate  and  grow  upon  this 
layer,  culminating  in  the  formation  of  continuous  films  for  deposition  limes  in  excess  of  6 
hours.  The  appearance  of  the  diamond  particles  after  2  hours  of  growth  suggests  that  there  may 
be  a  critical  lhickne.s.s  of  graphite  nece.ssary  to  shield  the  incoming  precursor  gases  from  the 
catalytic  surface  effects  of  the  iron.  However,  another  possibility  is  that  the  Fe  concentration  at 
the  surface  is  detrimental  for  diamond  growth,  and  that  diamond  will  only  nucleate  once  the 
amcentration  of  Fe  has  fallen  below  a  certain  critical  value. 


Figure  6  -  Auger  Depth  Profile  of  an  Fe  sample  eoaleJ  with  25oA  of  TiN  after  V'/imin.  of  CVD 
diamond  deposition.  TTie  inset  (a)  shows  the  carbidic  nature  of  the  C(KLL)  line  shape  within  the 
TiN. 
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2.  DiHusion  ot  C  imo  Fc:  Under  the  plasma  conditions  in  our  CVD  apparatus,  significant 
ditlusion  ol  C  into  Fc  was  observed  (1/xm  penetration  in  7'/?  min.)-  However,  we  note  that  the 
plasma  coniatas  a  very  small  overall  amount  of  carbon  =  ];99).  This  large  diffusion 

rate,  despite  the  U»w  concentration  ol  C  is  attributable  to  plasma  enhancement  of  diffusion  as 
has  also  been  observed  in  the  case  (d  DC  plasma  immersion  of  steels  in  methane  { 15]. 

V  TiN  as  a  ditlusion  barrier:  In  the  absence  of  any  TiN  coaling  C  diffuses  deep  into  the  Fe 
substrate.  The  presence  of  even  a  thin  layer  of  250A  of  TiN  is  remarkably  effective  at  inhibiting 
this  diffusion,  and  no  increase  in  the  C  concentration  in  the  Fe  is  observed  following  exposure 
to  the  (.'VD  plasma.  At  present,  the  combined  effect  of  the  nucleaiion  density  and  deposition 
lime  yield  only  individual  particles.  Hence,  no  qualitative  assessment  of  the  diamond  adhesion 
to  the  TiN  can  be  made  at  this  time.  The  increase  in  nucleaiion  density  clo.sc  to  the  TiN/Fe 
interlace  indtcaii^s  that  the  ttpiimum  thickness  of  TiN  for  diamond  deposition  may  be  even 
thinner  than  250A. 


CONCLl  SION 

The  growth  of  C'VD  diamond  on  Fc  in  a  microwave  plasma  i.s  complicated  by  the  formation 
ol  a  thick  graphitic  film  on  the  surface  during  the  first  few  minutes  of  exposure  to  the  plasma. 
Dunty  this  lime  ctmsidcrabic  diffusion  of  C  into  the  Fe  substrate  occurs.  A  thin  coating  of  TiN 
(25{)A)  on  the  Fe  was  found  to  inhibit  the  formation  of  the  graphitic  layer  and  prevent  C 
ditlusion  into  the  Fc.  For  longer  deposition  limes  (>2  hours)  diamond  nucleates  and  grows  on 
both  the  TiN  and  <m  this  thick  graphitic  layer.  The  results  show  that  TiN  is  very  eficctivc  as  a 
diftusion  harrier  tor  diamond  deposition  on  Fc.  as  well  as  a  surface  upon  which  good  quality 
diamond  will  nucleate  and  grow. 
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SELECTIVE  NDCLEATION  OF  DIAMOND  CRYSTALS  ON  THE 
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ABSTRACT: 

Diamond  crystals  have  been  selectively  grown  on  the  apex  of  anisotropically  chemically  etched 
silicon  pyramids.  A  novel  process  sequence  is  developed  which  exposes  patterned  sharp  apex  of  silicon 
pyramids  surrounded  by  thermally  grown  silicon  dioxide  to  a  high  pressure  microwave  plasma*assisted 
chemical  vapor  deposition  (HPMACVO)  process  where  the  reactant  feed  gases  are  methane  and  hydrogen. 
Nucleation  rate  of  diamond  is  very  high  on  the  sharp  edge  of  a  silicon  mesa  structure  or  an  apex  of  a 
silicon  pyramid  as  anticipated.  Selective  growth  of  diamond  particles  on  the  apex  of  silicon  pyramids 
fabricated  using  various  approaches  were  analyzed  by  scanning  electron  microscopy. 

INTRODUCTION: 

Mirror-smooth  finished  silicon  surfaces  have  a  very  low  nucleation  derv'ty  for  dimnond  growth. 
Scratching  or  damaging  the  silicon  surfaces  using  a  diamond  paste  has  substantially  enhanced  the  nucleacior. 
density  of  diamond  growth  by  several  orders  of  magnitude  (t'3).  Nirabayashi  et.  al.,  have  treated  the 
damaged  silicon  surface  with  Ar*  ion  beams  prior  to  the  diamond  growth  studies  to  achieve  the  selective 
diamond  growth  (41.  Ar*  ion  beam  scanning  over  the  damaged  silicon  surface  has  minimized  the  scratch 
density  by  rounding  off  the  sharp  edges  of  damage  performed  by  ultrasonic  agitation  in  ethyl  alcohol 
solvent  containirtg  diamond  particles.  Our  work  resulted  selective  diamond  growth  over  silicon  surface  by 
using  thermal  oxidation  of  damaged  silicon  surface  using  a  silicon  nitride  mask  to  minimize  the  sharp  edges 
by  rounding  off  in  the  undesired  (oxide  grown)  diamond  growth  areas  [5*71.  Do  the  above  observations 
indicate  that  the  sharp  edges  are  active  sites  or  very  low  free  energy  sites  for  nucleation  of  diamond 
growth  7  We  have  considered  the  above  results  as  a  guideline  and  assuned  the  apex  of  anisott  opical  ly 
etched  silicon  pyramids  as  a  nucleation  site  for  diamond  growth.  If  an  apex  of  a  pyramid  is  a  nucleation 
site  for  diamond  growth  it  should  in  prirtciple  have  a  high  growth  rate.  Figure  la  is  a  scanning  electron 
micrograph  of  diamond  particles  grown  on  chemically  etched  silicon  mesa  structure  (diamond  deposition  time: 
“5.75  hrs).  It  is  vivid  from  the  micrograph  that  the  diamond  tend  to  nucleate  on  the  ^harp  edge  of  a 
silicon  mesa.  The  apparent  area  of  the  sharp  edge  is  considerably  smeller  than  the  apparent  flat  surface 
area  of  the  silicon  in  the  micrograph.  But,  approximately  50X  of  the  diamond  nucleation  has  occurred  on 
the  sharp  edge  irrespective  of  the  lower  area  ratio.  Figure  lb  shows  an  SEN  of  diamond  part’cles  grown 
on  an  inverted  silicon  mesa  structure.  It  is  clear  frexn  the  micrograph  that  the  diamond  nucleation  is 
miniirun  on  the  sharp  edges  in  an  inverted  mesa  and  this  could  be  due  to  mininun  flux  density  of  reactants. 
This  paper  delineates  the  process  flow  steps  to  grow  diamond  particles  selectively  on  the  apices  of 
anisotropically  etched  silicon  pyramids  fabricated  with  and  without  diamond  paste  treatment  prior  to  the 
fabrication  of  pyramids  to  substantiate  the  idea  of  a  tendency  of  diamond  nucleation  on  the  sharp  edges. 


EXPERIMENTAL  DETAILS: 

A  connercially  available  high  pressure  microwave  plasma-assisted  (NPMA)  chemical  vapor  deposition 
(CVD)  system  (ASTeX,  Inc.,  Caebridge,  HA)  was  used  in  our  experiments  to  grow  diamond  crystals.  The 
typical  deposition  parameters  were  as  follows:  substrate  temperature  »  900‘950'^C,  methane  flow  rate  >  3.6 
SCCM,  hydrogen  flow  rate  «  500  SCCM,  deposition  pressure  «  45  Torr,  forward  power  «  1200  watts,  and 
reflected  power  a  <40  watts.  The  schematic  diagram  and  the  process  details  on  diamond  deposition  are 
described  elsewhere  (5*7). 

Si  I  icon  wafers  were  processed  using  the  following  procedures  to  obtain  selective  growth  of  diaaiond 
crystats  on  the  apex  of  silicon  pyramids. 
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Figura  1.  Scanning  electron  micrographs  of  the  diamond  particles 
grown  on  a  (a)  vertical  mesa  and  (b)  an  inverted  mesa  structures 
of  silicon. 
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(a) .  Starting  substrates  were  p-  or  n*type  mirror* smooth  finished  si  I  icon  wafers  with  a  resistivity 
cf  <  20  Q*cm.  Silicon  wafers  were  chemically  cleaned  and  thermally  oxidized  using  pyrogenic  steam  at 
lOOO^C  for  10  hrs  to  a  silicon  dioxide  thickness  of  1.1  t  0.1  pm.  The  silicon  dioxide  was  then  patterned 
with  a  positive  mask  of  60  (M  side  squares  using  conventional  photolithography.  The  sample  was  hard  baked 
with  photoresist  and  the  silicon  dioxide  was  chemically  etched  In  buffered  oxide  etch  (1  part  HF  +  6  parts 
NH^F)  solution.  The  silicon  was  anisotropically  etched  In  a  solution  of  KOH  *  H2O  (2:1)  at  60*70^C  until 
(30-50  minutes)  the  silicon  dioxide  mask  squares  fall  off  to  eventually  form  silicon  pyramids  by 
undercutting  (6).  Figure  2a  shows  a  scanning  electron  micrograph  of  the  typical  morphology  of  the 
fabricated  silicon  pyramids.  Figure  2b  is  a  magnified  view  of  some  pyramids  in  figure  2a  (apex  diameter: 
*■2  pm).  Some  of  the  pyramids  were  fabricated  by  etching  the  silicon  dioxide  mask  just  before  the  masks 
tip-off  from  the  substrate  (Fig.  2c)  using  a  buffered  oxide  etch  to  achieve  flat  apex  and  scratch  free 
pyramids.  Figure  2d  shows  scanning  electron  micrograph  of  the  typical  morphology  of  a  silicon  pyramids 
fabricated  after  etching  the  oxide  mask  (apex  diameter:  -10-12  pm>. 

(b) .  Starting  substrates  were  p-  or  n-type  mirror-smooth  finished  silicon  wafers  with  a 
resistivity  of  <  20  Q-cm.  Silicon  wafers  were  manually  scratched  on  one  side  using  a  diamond  paste 
consisting  of  0.25  pm  mean  particle  size.  The  wafer  was  then  chemically  cleaned  and  the  silicon  nitride 
was  deposited  by  low  pressure  chemical  vapor  deposition  (LPCVD)  using  dichlorosi lane  and  aamonia  at  BOO^C 
to  a  thickness  of  0.16  pm.  The  silicon  nitride  was  then  photolithographically  patterned  using  a  positive 
mask  of  60  pm  side  squares  and  plasma  etched  in  a  SF^  ♦  0^  (7:1)  mixture  of  gases  and  the  photoresist  was 
then  reonved  with  acetone.  Silicon  was  anisotropically  etched  in  a  COM  ♦  (2:1)  solution  at  60-70^C 
for  30  -  50  minutes  (61.  Undercutting  of  the  silicon  nitride  was  monitored  closely  and  the  etching  of 
silicon  was  stopped  just  before  the  silicon  nitride  squares  tip  off  from  the  apex  of  silicon  pyramids. 
The  typical  morphology  of  the  silicon  pyramid  with  a  silicon  nitride  mask  by  scanning  electron  micrograph 
is  as  shown  in  fig.  2c.  The  etched  silicon  wafer  was  carefully  chemically  cleaned  and  thermally  oxidized 
in  a  pyrogenic  steam  at  lOOO^C  for  10  hrs  to  form  a  silicon  dioxide  thickness  of  1.1  t  0.1  pm.  The  wafer 
was  then  itrmersed  in  buffered  oxide  etch  for  60  sec  to  remove  a  thin  layer  of  oxide  formed  on  the  silicon 
nitride  mask.  The  silicon  nitride  was  then  chemically  coopletely  etched  in  hot  (-180^0  phosphoric  acid. 
Finally,  the  wafer  was  cooled  to  room  tenperature,  washed  with  running  01  water,  rinsed  with  acetone,  and 
nitrogen  dried.  The  typical  morphology  of  the  silicon  pyramids  fabricated  is  shown  in  the  fig.  2e  by  SEM. 
This  approach  clearly  yields  the  nucleation  site  or  scratched  site  and/or  an  activation  site  for  diamond 
growth  which  is,  apparently,  the  apex  of  anfsotropicelly  etched  silicon  pyramid  and  the  remaining  area  is 
oxidized  to  hinder  the  growth  of  diamond.  Surface  damage  or  scratching  can  in  fact  may  be  seen  on  an  apex 
of  1,2,  end  3  labeled  pyramids  in  scanning  electron  micrograph  of  fig.  2e  and  also  a  pyramid  (84)  with  a 
sharp  apex.  Process  description  for  selective  growth  of  diamond  on  the  apex  of  silicon  pyramid  is  show^ 
in  fig.  3  to  supplement  the  above  details. 

RESULTS  and  DISCUSSION: 

Figure  4a.  b,  and  c  show  the  scanning  electron  micrographs  of  diamond  grown  on  the  apex  of  the 
silicon  pyramids  shown  in  fig.  2a  fabricated  using  the  procet^re  delineated  in  the  process  (a).  Figure 
4b  is  the  magnification  of  a  few  pyramids  in  figure  48.  Figure  4c  is  the  magnification  of  a  single  pyramid 
in  figure  4a  ari  also  the  zooming  of  the  apex  of  the  satae  pyramid  is  shown  in  figure  4c.  Diamond 
deposition  time  was  -5.75  hours.  These  microgr^s  show  that  the  diamond  is  not  only  grown  on  the  apex 
of  the  pyramids  but  also  in  the  other  area.  Nucleation  density  is  apparently  high  on  the  apex  i8ien 
compared  with  the  other  area  of  the  pyramid  or  the  o*^her  surface  of  the  silicon  substrate.  Zoomirig  of  the 
apex  in  figure  4c  clearly  denotes  the  high  nucleation  rate  of  diamond  particles  on  the  apex  of  the 
pyramids.  One  may  even  closely  observe  the  high  nucleation  rate  of  diamond  particles  on  all  the  apexes 
in  figure  4a  and  b.  The  substrate  was  not  damaged  with  diamond  paste  prior  to  the  fabrication  of  pyramids 
to  el iminate  the  doubt  of  residual  diamond  particles.  Therefore,  this  suggests  that  the  sharp  edges  are 
still  activation  sites  for  diamond  nucleation  and  this  observation  is  in  accordance  with  results  recently 
reported  in  (9,101. 

Figure  4d  is  a  scanning  electron  micrograph  of  the  diamond  particles  grown  on  the  flat  apex  of 
silicon  pyramids  fabricated  using  the  process  (a).  Nigh  nucleation  rate  of  diamond  particles  is  still 
present  on  the  apex  and  also  several  particles  on  the  undesired  area  (diamond  deposition  time:  -3.5  hrs). 
Edge  of  the  flat  apex  of  silicon  pyramid  stilt  retains  high  diamond  nucleation  rate  with  several  particles 


Figure  2.  Scanning  electron  micrographs  of  (a)  silicon  pyramids, 
(b)  magnified  apexes,  (c)  silicon  nitride  or  silicon  dioxide 
mask,  (d)  apex  after  etching  the  mask,  (e)  patterned  Si  apex 
surrounded  by  oxide. 
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Polished  silicon  substrate 


Scratched  or  unscratched  Si  surface 


Grow  silicon  nitride  (Si3N4) 


Pattern  and  plasma  etch  Si3N4 


Anisotropic  silicon  etching 


Oxidize  Si  thermally  to  form  silicon 
dioxide  (Si02) 


Etch  Si3N4  in  phosphoric  acid 


Selective  deposition  of  polycrystalhne 
diamond  particles  on  apex  of  silicon 
pyramid 

Figure  3.  Schematic  diagram  of  process  flow  steps  for  the 
selective  growth  of  diamond  crystals  on  the  apex  of 
anisotropically  etched  silicon  pyramids. 


c  t 
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Figure  4.  Scanning  electron  micrographs  of  diamond  growth  on  (a) 
sharp  silicon  pyramids,  (b)  magnified  view  of  (a)  ,  (c)  magnified 
view  of  single  pyramid  in  (a)  and  also  zooming  of  an  apex  of 
pyramid  in  (c) ,  (d)  growth  of  diamond  on  flat  apex  of  silicon 
pyramids,  and  (e)  a  magnified  view  of  single  pyramid  in  (d) . 
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and  that  may  clearly  be  seen  in  the  magnified  view  of  a  single  pyramid  shown  in  fig.  4e  by  SEN.  Process 
(a)  did  yield  the  high  diamond  nucleation  on  the  apex  of  silicon  pyramids  and  also  some  deposits  in  the 
undesfred  areas.  To  avoid  the  problem  of  growth  on  undesfred  areas  we  eof^loyed  the  process  (b>.  figure 
5  is  a  scanning  electron  micrograph  of  selectively  grown  diamond  crystals  only  on  the  apex  of 
anisotropical ly  etched  silicon  pyramids  fdeposition  time:  '>2  hrs).  Figure  5b  is  magnified  view  of  the 
diamond  particles  on  an  apex  of  a  single  pyramid  (111.  This  result  suggests  that  the  oxidation  has 
suppressed  the  growth  of  diamond  in  the  undesired  area  as  we  observed  earlier  [S-T}.  Furthermore,  optical 
observation  showed  that  the  chemically  etched  silicon  has  higher  nucleation  density  than  the  mirror-smooth 
finished  silicon  surface  but  lower  than  the  apex  of  a  silicon  pyramid  or  sharp  edges  of  silicon  mesa 
structures.  Scratching  is  eliminated  in  the  process  <b)  to  test  whether  diamond  can  selectively  be  grown 
on  the  apex  of  a  silicon  pyramid.  Deposition  time  was  increased  in  order  to  grow  diamond  only  on  the  apex 
of  silicon  pyramid. 

Diamond  is  harder  and  more  wear  resistant  than  silicon.  A  sharper  tip  may  be  produced  using  the 
above  delineated  selective  growth  of  diamond  crystal  on  at.  apex  of  a  silicon  pyramid.  The  tip  of  the  bare 
silicon  pyramid  is  softer  than  the  diamond  crystal  grown  on  the  apex  of  a  silicon  pyramid.  Adhesive 
strength  of  diamond  particles  to  the  apex  of  the  silicon  pyramid  may  be  enhanced  by  fabricating  flat 
apexes.  Diaaiond  grown  on  silicon  pyramids  may  have  use  as  scanning  tunneling  microscopy  tips,  electrical 
probe  tips  (doped-diamond  crystals)  t7,12),  for  micro  indentation,  etc. 

In  sunmary,  a  process  flow  is  developed  to  grow  diamond  crystals  selectively  only  on  the  apex  of 
anisotropical  ly  chemically  etched  silicon  pyramids  using  either  silicon  nitride  or  silicon  dioxide  layers. 
We  have  made  an  experimental  observation  that  the  sharp  edges  of  a  mesa  structure  fabricated  on  a  silicon 
surface  or  an  apex  of  a  si  I  icon  pyramids  fabricated  using  a  scratched  silicon  substrate  with  dimsond  paste 
or  unscratched  substrate  yielded  a  high  diamond  nucleation.  Unscratched  silicon  substrates  do  not  have 
any  residual  diamond  particles  to  act  as  nucleation  sites  for  diamond  growth,  but  could  still  result 
diamond  nucleation  based  on  a  sharp  apex  of  a  silicon  pyramid.  Our  observations  SLpport  the  mechanism  such 
as  high  diamond  nucleation  on  the  surface  texture  with  sharp  points  or  edges  etc.  Furthermore,  evaluation 
of  nucleation  density  of  diamond  growth  on  various  fabricated  surface  textures  of  silicon  is  under 
progress. 
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ABSTRACT 

We  have  analyzed  the  non-equilibrium  thermal  effects  of  pulsed  nanosecond  lasers  on 
carbon-implanted  copper  substrates.  The  thermal  effects  of  pulsed  nanosecond  lasers  were 
simulated  by  numerically  solving  the  heat  flow  equation  and  taking  into  account  the  phase 
changes  which  occur  at  the  surface  of  the  irradiated  solid.  Intense  pulsed  laser  irradiation  induces 
rapid  heating  at  the  near  surface  resulting  in  melting,  followed  by  rapid  quenching  of  the  melt 
phase.  The  effect  of  laser  variables  (energy  density,  etc.)  on  the  maximum  melt  depth,  melt-in 
and  solidification  velocities  and  transient  temperature  profiles  have  been  computed.  Maximum 
melt  depths  and  the  surface  temperatures  were  found  to  increase  approximately  in  a  linear  manner 
with  pulse  energy  density.  Extremely  high  average  solidification  velocities  (20-45  m/sec)  were 
calculated  which  may  give  rise  to  solute  trapping  and  other  non-equilibrium  segregation  effects. 
The  change  in  laser-irradiated  characteristics  of  copper  substrates  as  a  result  of  carbon-ion 
implantation  is  also  discussed. 

INTRODUCTION 

Pulsed  laser  irradiation  provides  a  unique  method  for  near  surface  modification,  in  which 
surface  layers  can  be  rapidly  heated  and  melted,  kept  in  the  molten  state  for  short  times  and 
rapidly  solidified  to  preserve  desired  microstructures(  1-5).  A  recent  report  by  Narayan  ei.  al.  1 1 1 
shows  that  pulsed  laser  irradiation  on  carbon-implanted  copper  substrates  can  lead  to  formation 
of  the  metastable  diamond  phase  in  the  near  surface  regions.  It  has  been  shown  that  during  the 
molten  state,  dopant  can  redistribute  itself  much  more  rapidly  because  the  diffusivity  of  the 
dopant  is  many  orders  of  magnitude  higher  in  the  liquid  phase  compared  to  the  solid  phase  (51. 
The  segregation  coefficient  under  non-equilibrium  conditions  depends  on  the  type  of  impurity 
(substitutional  or  interstitial),  solidification  velocity  and  the  orientation  of  the  substrate.  Thus,  it 
is  extremely  important  to  understand  and  determine  the  non-equilibrium  parameters  and  transient 
interface  velocities  and  tempeiatures  existing  during  the  laser  interaction  process.  The 
nanosecond  time  scales  encountered  in  the  laser-solid  interaction  process  makes  it  very  difficult 
to  experimentally  determine  the  transient  thermal  effects.  Theoretical  techniques,  based  on 
numerical  calculations,  have  been  adopted  to  predict  the  effects  of  lasers  on  solids.  In  this  paper, 
we  analyze  and  compute  the  effects  of  laser  variables  (energy  density,  etc)  on  the  maximum  melt 
depths,  melt-in  and  solidification  velocities  of  carbon-doped  copper  substrates.lbj 

THEORY 

The  heating  and  melting  effects  of  pulsed  laser  irradiation  on  materials  constitute  a  three 
dimensional  heat  flow  problem  [2-41.  However  in  nanosecond  laser  processing  regimes,  the 
short  thermal  diffusion  distances  and  the  large  dimensions  of  the  la.ser  beam  limit  the  thermal 
gradients  parallel  to  the  surface  to  many  orders  of  magnitude  less  than  the  themial  gradients 
perpendicular  to  the  surface,  thus  essentially  making  it  a  one-dimensional  heat  flow  problem. 
Although  the  heat  flow  is  one  dimensional  in  nature,  the  pre.sence  of  a  moving  solid-liquid 
interface,  temperature  dependent  thermal  and  optical  properties  of  the  irradiat^  solid,  and  time 
dependent  laser  pulse  energy  make  the  exact  solutions  extremely  difficult.  Thus,  numerical 
techniques  like  finite  difference  methods  have  to  be  applied  to  obtain  satisfactory  results.  In  this 
problem  we  have  employed  a  very  rapid  and  accurate  implicit  finite  difference  scheme,  SLIM 
(Simulation  of  Laser  Interaction  with  Materials),  developed  by  Singh  et.  al  (71  to  determine  the 
thermal  history  of  the  targets  after  intense  laser  irradiation.  This  method  is  based  upon  a  higher 
order  finite  difference  calculation  and  is  not  restricted  by  any  stability  criterion,  thereby  allowing 
faster  convergence  to  the  exact  solution  |8|.  The  temperature  dependent  optical  and  thermal 
properties  as  well  as  the  temporal  variation  in  the  laser  intensity  can  be  taken  into  account  in  this 
formulation.  Finite  difference  equations  have  been  set-up  for  accurate  determination  of 
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temperature  gradients  at  the  interface  which  control  melt-in  and  solidification  velocities. 

The  temperature  at  any  point  inside  the  substrate  T(x,t)  during  laser  irradiation  is  controlled 
by  the  heat  flow  equation  given  by 


3T  (x,t) 


P(T)Cp(D=^  =  ||.vr.^ 

where  x  refers  to  the  direction  perpendicular  to  the  plane  of  the  substrate,  and  t  refers  to  the  time. 
The  terms  p(T)  and  Cp(T)  refer  to  the  temperature  dependent  density  and  heat  capacity  per  unit 
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mass  of  the  material.  R(T)  and  a  (T)  are  the  reflectivity  and  absorption  coefficient  of  the  target. 
The  time  dependent  laser  intensity  striking  the  surface  I^ft),  is  dictated  by  the  energy  density. 


duration  and  the  shape  of  the  laser  pulse.  The  velocity  of  the  planar  liquid-solid  interface  is 
determined  by  energy  balance  consideration  which  is  expressed  as 


dt 


=  K 


ar 
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where  and  Kj  are  the  thermal  conductivities  of  solid  and  liquid  copper  at  the  interface, 
respectively,  L  is  the  latent  heat  of  fusion,  and  dS/dt  is  the  velocity  of  the  melt  interface. 

Figure  I  (a)  and  (b)  show  the  thermal  conductivity  and  specific  heat  capacity  values  of  pure 
copper  as  a  function  of  temperature.  Copper  possesses  a  very  high  thermal  conductivity  which 
decreases  steadily  with  increasing  temperature,  followed  by  a  sharp  decrease  upon  melting  of  the 
material.  The  specific  heat  capacity  per  unit  volume  increases  with  increasing  temperature  and  has 
been  assumed  to  be  a  constant  in  the  liquid  phase.  It  is  expected  that  the  thermal  properties  of 
copper  will  change  due  to  carbon  ion  implantation,  especially  near  the  projected  range,  Rp,  (600- 
800  A  from  the  surface)  of  carbon  ions.  However,  as  a  first  approximation  we  have  assumed  that 
the  properties  of  carbon-doped  copper  substrates  are  independent  of  the  implantation  process. 
Even  if  this  approximation  is  not  fully  valid,  the  calculated  thermal  effects  are  expected  to  be 
similar  except  shift  in  the  absolute  energy  density  scales.  It  must  however  be  noted  that  the  high- 
dose  ion  implantation  of  carbon  may  induce  formation  of  high  melting  point  graphitic  phase  in 
the  vicinity  of  Rp.  This  may  lead  the  formation  and  propagation  of  two  melting  interfaces:  one 
initiating  from  the  surface  and  terminating  near  Rp,  and  other  initiating  at  the  vicinity  of  Rp  and 
propagating  into  the  bulk  cf  the  substrate.  Another  possibility  is  the  decrease  in  themial 
conductivity  of  the  implanted  layer  which  can  substantially  increase  the  surface  temperatures 
during  melting  of  the  material.  The  input  data  used  in  the  calculations  has  been  listed  elsewhere. 
(tii.The  high  frequency  of  the  excimer  laser  (XeCl,  KrF,  and  ArF)  photons  allow  excellent 
coupling  of  the  laser  energy  w  ith  solid  copper .  However  upon  melting,  liquid  metals  display  a 
sudden  increase  in  the  reflectivities.  We  have  assumed  a  value  of  0.73  for  liquid  reflectivity  of 
copper  for  our  calculations 

RESULTS  AND  DISCUSSION 

Fig.  2  shows  the  melt  depth  of  copper  as  a  function  of  time  after  laser  irradiation  with  30 
nanosecond  pulses  having  energy  densities  between  2.5  and  4.5  J/cm^.The  maximum  melt  depth 
occurs  approximately  at  the  end  of  the  laser  pulse.  After  the  termination  of  the  laser  pulse,  the 
melt  front  recedes  back  to  the  surface  as  some  heat  energy  is  dissipated  into  the  bulk  of  the 
material.  The  slope  of  the  curves  gives  the  value  of  the  melt-in  and  the  solidification  velocities. 
The  maximum  melt  depth  increases  with  energy  density  and  changes  from  2200A  at  at  2.5  J/cm“ 
to  88(X)A  at  4.5  J/cm^.  Maximum  melt  depths  are  both  a  function  of  pul.se  duration  and  energy 
density  and  increase  approximately  linearly  with  energy  density. 

Another  important  aspect  of  understanding  the  nature  of  laser-soli-  interactions  is  the 
transient  temperature  profiles  during  intense  laser  irradiation  of  the  substrate.  Fig.  3  shows  the 
aansient  surface  temperature  as  a  function  of  time  for  copper  substrates  irradiated  with  30 
nanosecond  excimer  laser  pulses  with  energy  densities  corresponding  to  2.5,  3.5  and  4.5  J/cm-, 
respectively.  The  fig-,  -e  shows  that  the  surface  temperature  rises  rapidly  until  it  reaches  the 
melting  point  of  the  material,  where  it  pauses  momentarily  due  to  reduced  coupling  of  the  laser 
energy.  The  rise  in  liquid  phase  temperature  is  slower  than  the  solid  phase  temperature  rise, 
because  a  part  of  the  laser  energy  is  ab.sorbed  as  latent  heat.  On  cooling,  the  surface  temperature 
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Fig.  2  Position  of  solid-liquid  interface  as  a  function  of  time  for  copper  substrates  irradiated  with 
30  nanosecond  laser  pulses  with  varying  energy  densities:(i)  2.5  Hen?,  (ii)  3.0  Hen?,  (iii)  3.5 
Hen?,  (iv)  4.0  Hen?  and  (v)  4.5  Hen?, 
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Fig.  3  Surface  temperature  as  a  function  of  time  for  30  nanosecond  trapezoidal  laser  pulses 
irradiated  on  copper  substrates  with  different  energy  densities  (i)  2.5  J/cm^.  (ii)  3.5  J/cm^  and 
(iii)  4.5  Hen?. 
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Fig.  4  Transient  solidification  velocities  as  a  function  of  time  for  laser  irradiated  copper 
substrates.  The  substrate  is  irradiated  with  30  nanosecond  excimer  laser  pulses. 


Energy  Density  iJ/cm^l 

Fig.  5.  Maximum  surface  temperature  attained  on  carbon-implanted  copper  substrates  when 
thermal  conductivity  of  the  near  surface  regions  is  (i)  equal  to  pure  value  and  (ii)  half  of  the  pure 
value 
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drops  to  the  tneldng  point  and  remains  there  until  the  melt  interface  recedes  to  the  surface.  The 

maximum  surface  temperature  increases  from  1550  K  at  2.5  J/cm^  to  2500  K  at  4.5  J/cm^. 

Much  higher  surface  temperatures  can  be  induced  in  the  near  surface  regions  if  the  thermal 
conductivity  of  the  near-surface  is  reduced  by  ion  implantation. 

TTie  solidification  velocity  is  another  important  parameter  that  can  be  controlled  by  varying 
the  laser  parameters.  Fig.  4  shows  the  transient  solidification  velocity  for  copper  substrates 
irradiated  with  30  nanosecond  lasers  pulses  with  energy  densities  corresponding  to  2.5,  3.0, 

3.5, 4.0  and  4.5  J/cm^,  respectively.  Solidification  during  laser  irradiation  takes  place  via  rapid 
quenching  and  dissipation  of  the  heat  by  the  bulk.  As  the  liquid  gradients  become  negligible 
after  the  termination  of  the  laser  pulse,  solidification  velocities  attain  a  maximum  value  which 
decreases  very  slowly  with  time.  The  very  high  thermal  conductivities  of  solid  copper  phases  is 
responsible  for  the  extremely  high  maximum  transient  interface  velocities  which  are  in  the  range 
of  40  to  50  metres  per  second.  It  has  been  shown  that.the  average  solidification  velocity  does 
not  vary  strongly  with  energy  density  but  is  strongly  affected  by  the  duration  of  the  laser  pulse. 

If  the  pulse  duration  of  the  laser  is  increased  from  15  to  50  nanoseconds,  the  average 
.solidification  values  decreases  from  40  to  25  meters  per  second.  The  extremely  high 
solidification  velocities  may  lead  to  stabilization  of  metastabic  phases. 

All  the  calculalioiis  ahowu  alxive  are  based  on  properties  of  pure  copper.  As  mennoned 
earlier,  the  properties  of  copper,  especially  near  the  surface  regions  may  change  drastically  with 
carbon  implantation.  Graphite  may  be  present  in  a  crystalline  or  an  amorphous  state.  It  is  well 
known  that  melting  points  of  amorphous  materials  are  depressed  in  the  amorphous  state  1 1 1 1. 

Another  possible  change  induced  by  the  implantation  process  is  the  lowering  of  thermal 
conductivity  of  the  material.  The  decrease  in  thermal  conductivity  of  copper  will  depend  on  the 
defect  density  in  the  surface  layer.  To  understand  the  effect  of  reduced  themial  conductivity,  we 
have  simulated  laser  irradiation  of  copper  whose  thermal  conductivity  at  the  near  surface  regions 
has  been  reduced  by  a  factor  of  two.  Fig  5  shows  the  maximum  surface  temperature  induced  on 
copper  possessing  half  the  thermal  conductivity  of  the  pure  material.  These  films  were  irradiated 
with  30  nanosecond  laser  pulses.  For  comparison,  values  obtained  from  irradiation  of  pure 
copper  substrates  have  also  been  shown.  It  is  clearly  seen  that  for  a  constant  energy  density, 
much  higher  surface  temperature  value  are  attained  when  surface  regions  have  lower  thermal 
conductivity.  Maximum  surface  temperatures  can  be  as  high  as  3500  -4000  K  on  the  copper 
surface.  At  these  temperatures,  transformation  of  graphite  may  be  possible.  However,  more 
experimental  information  is  required  to  fully  understand  this  phenomena. 

In  conclusion,  the  laser  induced  thermal  effects  on  carbon-doped  copper  substrates  have 
been  modelled.  The  melt  depths  and  the  surface  temperatures  scale  approximately  linearly  with 
energy  density.  Very  high  solidification  velocities  aie  induced  after  intense  nanosecond  laser 
irradiation  of  carbon-doped  copper  substrates  Non-equilibrium  laser  melting  and  solidification, 
thus  provides  very  high  temperature  and  extremely  rapid  solidification  velocities  which  may 
produce  important  transformation  effects.  .However,  more  experimental  information  is  presently 
required  to  fully  model  the  effect  of  pulsed  laser  irradiation  on  carbon-implanted  copper 
substrates. 
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Prospect  53,  Moscow,  USSR 


1.  Abstract 

Present  state  of  the  work  devoted  to  the  control  of 
properties  of  diamond  is  analyzed,  with  emphasis  on  the 
results  obtained  in  USSR,  includinq  the  data  on  ion 
implantation  and  several  typos  of  devices.  Future 
possibilities  of  the  work  with  single  crystals,  films  and 
diamond  ceramics  are  discussed  and  typical  difficulties 
indicated . 

2.  Introduction.  I  shall  mainly  speak  about  the  work  done  in 
USSR;  as  the  research  of  diamond  is  international,  it  is  most 
proper  to  mention  the  fundamental  book  edited  by  Field  111;  I 
shall  abstain  from  repeating  our  results  discussed  earlier 
[21.  Several  authors  have  compared  the  properties  of  diamond 
to  those  of  other  wide  band  gap  semiconductors  13,4,5). 
Optimistic  picture  shown  in  Fig.  1  represents,  of  course, 
ideal  material,  far  above  real  objects  at  the  disposal  of  an 
experimenter  or  technologist.  Only  best  natural  crystals  (very 
rare)  and  best  synthetic  ones,  grown,  for  instance  by  G.E.  [IJ 
are  in  some  respects,  near  to  it.  So,  diamond  remained  exotic 
for  many  years.  Recently,  due  to  the  development  of  diamond 
films  deposition  processes  in  USSR.  Japan,  USA,  UK  and  other 
countries,  the  attitude  towards  diamond  is  changing  rapidly. 
Future  work  on  diamond  films  can  go  on  only  on  the  basis  of 
present  knowledge,  including  highly  developed  theory  11)  and 
experimental  data  obtained  on  natural  and  synthetic  bulk 
crystals.  In  mid-fifties,  in  USSR  Vereschagin  developed  the 
technique  of  producing  large  quantities  of  small  industrial 
crystals.  At  present  much  larger  single  crystals  are  grown  in 
Moscow  and  Kiev  [3]  .  Epitaxial  films  on  single  crystal 
substrate,  including  boron-doped  semiconductivity  ones,  were 
also  grown  (6] , [2]  .  At  present,  most  papers  describe 
polycrystalline  diamond  films  (7J.  The  atomic  C-H-0  phase 
diagram  presented  by  Bachmann  in  [7]  systematizes  the  results 
given  in  70  publications  describing  low  pressure  CVD 
techniques  of  diamond  deposition.  In  Fig.  2,  main  features  of 
various  types  of  diamond  as  a  material  are  presented. 

3.  The  doping  of  diamond.  Doping  of  man-made  single  crystals 
by  boron  has  been  repeatedly  reported  (1.8.9).  The  authors 
working  in  Kiev  have  grown  boron-doped  crystals  of  various 
sizes  [10] .  Small  cubic  crystals  of  uniform  dimensions  were 
successfully  used  as  thermistors.  The  authors  of  (11),  who 
also  obtained  p-type  crystals,  have  reported  on  N-type 
crystals  doped  by  phosphorus.  The  depth  of  the  donor  levels, 
as  well  as  data  on  electrons'  mobility  have  not  been 
indicated.  According  to  the  calculations  of  Bernholz  &  oth 
(12),  P  atoms  should  be  shallow  donors  hut  their  equilibrium 
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Fig.  1  The  main  parameters  of  Diamond,  as  compared  to  Si  and 
SiC. 
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Fig.  2  Diamond  in  its  present  various  forms  as  a  materia)  for 
research  and  applications. 
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solubility  must  be  very  small.  It  is  well  known  that  atomic 
nitrogen  is  a  deep  down  in  diamond  and  does  not  suppiv  free 
electrons  (13).  No  positive  results  of  impurities' 
introduction  by  thermal  diffusion  into  diamond  are  known  to 
me.  There  exists,  in  principle,  a  possibility  of ^ transmutation 
dipping  of  diamond,  as  t7.n)  reaction  produces  B  nuclei  from 
C  :  no  published  data  are  at  my  disposal. 

4.  Ion  implantation  into  diamond.  Long  ago  we  obtained 
indirect  evidence  that  natural  insulating  diamond  exhibits 
electron  conductivity  after  bombardment  by  40  keV  C  ions 
(14).  In  1982,  Prins  produced  N-type  regions  in 
transistor-type  structures  on  natural  P-type  diamond  (15). 
According  to  our  data,  conductivity  disappeared  after 
annealing  at  ■700-800°C. 

At  present,  we  use  systematically  a  350  keV  HVEE  accelerator 
for  our  work;  the  ranges  of  ions  and  their  straggling  were 
calculated  for  random  orientation  with  an  error  of  +10%.  We 
were  involved  in  experiments  of  typically  semiconductor 
physics  aims;  besides  (1),  we  often  used  the  data  analyzed  in 
a  book  edited  in  1986  in  USSR  116).  As  one  knows,  diamond 
constitutes  a  metastable  form  of  carbon  and  can  amorphize  or 
graphitize  (graphite  is  stable) .  Fortunately,  we  found  that 
for  ion  fluxes  below  certain  limit,  the  diamond  lattice 
recovers  after  annealing  in  vacuum.  The  maximum  flux  depends 
on  the  mass  of  that  ion  and  the  temperature  of  crystal.  In  a 
special  case  of  sit  ions  implantation  at  large  fluxes,  cubic 
Sic  is  produced  (18). 

Implantation  of  B*  ions.  Boron  is  a  most  appropriate 
"shallow"  (Ev  +0.39  eV)  acceptor  dopant  in  diamond.  Most  of 
the  implanted  atoms  occupy  substitutional  sits.  The  depth  of 
penetration  of  the  unchanneled  ions  for  energies  in  the  range 
up  to  360  keV  is  large  enough;  recently,  on  the  initiative  of 
A. M. Zaitsev,  a  series  of  experiments  was  conducted  with  much 
higher  energies,  over  1  MeV  (19).  In  this  case,  buries  layers 
of  semiconducting  diamond  can  be  formed.  By  using  a  programmed 
implantation  exposure,  one  can  increase  the  concentration  of 
boron  acceptors  near  the  surface,  thus  forming  a  pp  junction; 
p  regions  are  metallized  without  difficulty  and  ohmic  contacts 
to  p-type  regions  present  no  problem  now. 

5,  The  technique  of  analysis  of  the  geometry  of  impurity 
distribution.  The  most  direct  method  is,  of  course,  secondary 
ions  mass  spectrometry  (SIMS),  which  is  systematically  used  by 
us  for  the  boron-implanted  and  other  samples,  in  the  cases 
where  impurity  concentration  was  high  enough.  Some  of  the 
results  were  presented  in  [13] ,  and  I  shall  mention  recent 
data  later,  when  Li  donors  shall  be  discussed. 

Other  methods,  including,  of  course.  Hall  effect  and 
conductivity  measurements,  are  often  based  on  the  analysis  of 
cathodoluminescence  (CL)  spectra,  which  is  typical  for  a  wide 
field  of  experiments  with  ion-implanted  crystals  [20],  [21]. 

Due  to  the  large  band  gap  of  diamond  (5,48  eV)  CL  was  used 
by  us;  I  have  not  seen  yet  publications,  including 
photoluminescence  data  obtained  for  band-to  band  excitation  of 
diamond.  Besides  the  possibility  of  local  excitation  by- 
focused  electron  beam,  the  depth  of  electrons'  penetration  can 
be  easily  changed,  as  it  is  a  function  of  their  energy.  As  it 
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was  mentioned  above,  the  volume  and  area  ot  electron  spot  near 
the  surface  of  the  sample  can  be  made  very  small  119,20). 

6.  The  possibilities  and  limitations  of  luminescence  spectra 
studies.  Luminescence  data  contribute  to  the  studies  of  ion 
implantation  problems;  on  the  other  hand,  implantation, 
regarded  as  a  method  of  doping,  permits  to  introduce  into  a 
solid  <in  our  case,  diamond)  a  wide  variety  of  impurities 
[21],  [22),  As  one  can  see,  for  instance,  in  Fig.  3,  the  CL 
spectra,  observed  in  a  convenient  region  of  photon  energies, 
show  narrow  "zero-phonon"  linis  and  related  “Phonon  ladders". 
Many  narrow  lines  observed  in  unimplanted  natural  diamond  were 
analyzed  and  interpreted,  for  instance,  by  Clarlc  and  Mitchell 
in  UK  (1);  their  worlt  has  an  exceptional  value  for  those  who 
work  now  on  ion- implanted  crystals.  However,  narrow  lines 
correspond  to  so  called  "in  the  center"  transitions,  when  the 
photon  is  estimated  as  a  result  of  the  relaxation  of  the 
system  of  strongly  localized  states  [23).  Thus,  these 
transitions  do  not  include  allowed  bands  of  diamond  and  one 
has  to  use  additional  evidence,  such  as  the  changes  of  spectra 
after  annealing  to  obtain  results  important  for  semiconductor 
physics.  Of  course,  the  studies  of  CL  are  very  far  from 
completion:  one  of  the  examples  which  seems  to  be  worth 
mentioning  is  a  non-trivial  fact  that  free  vacancies,  which 
produce  the  well  known  GRI  narrow  line  at  741  nm,  are 
generated  as  a  result  of  irradiation  by  rather  low  energy 
electrons  (6  -  10  keV)  (24).  This  range  of  energies  is  very 
much  below  the  threshold  of  impact  point  defects'  generation, 
which  was  estimated  by  palmer  (2f))  to  be  near  to  200  keV.  At 
present,  one  cannot  decide  whether  the  vacancy  is  detached 
from  some  comple.x,  or  some  mechanism  in  the  electronic 
sub-system  is  leading  to  Frenkel  pair  generation  [26). 
According  to  the  interpretation  of  my  colleagues  in  Minsk, 
based  on  the  analysis  of^ narrow  lines  in  CL  spectra  of  diamond 
implanted  by  He  and  Ne  ions,  the  atoms  of  these  elements 
exhibit  chemical  activity  due^  to  extremely  high  hydrostatic 
pressure  of  the  order  of  10  bar  in  dense  surrounding  of 
carbon  atoms  in  diamond  lattice  [27] . 

Besides  narrow  spectral  lines,  both  CL  spectra  and 
luminescence  spectra  of  structures  on  diamond  including  P-\ 
junctions  or  Schottky  barriers,  broader  bands  of  intensive 
electroluminescence  were  observed  by  E . A. Konorova , 
V . F . Sergienko  &  oth,  with  the  extrinsic  quantum  yield  about  4% 
[13],  Maximum  intensity  corresponded  to  the  blue-green  region, 
thus,  band  to  impurity  transition. 

7.  Lithium  as  a  donor  in  ion-implanted  diamond.  Those  who 
are  involved  in  the  development  of  semiconductor  devices  know 
that  both  in  Ge  and  Si,  Li  behaves  as  a  highly  mobile 
interstitial  impurity  and  is  a  very  shallow  donor.  Long  time 
before  modern  technique  of  calculations  of  atoms'  migration 
and  their  energy  spectrum  was  developed,  we  began 
experimenting  with  lithium-implanted  natural  diamond  crystals. 
At  present,  the  main  facts  are  as  follows: 

1.  The  mobility  of  implanted  Li  atoms  due  to  their  diffusion 
is  many  orders  of  magnitude  lower  than  in  Si  and  Ge,  but 
diffusion  has  been  observed  after  annealing  at  temperature 
over  1000°C. 
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Fig.  3 
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Fig.  3  Cathodoluminescence  spectra  of  natural  diamond 
implanted  with  several  impurities. 
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2.  The  maximum  concentration  of  electrons  in  the  conduction 
band  is  observed  in  a  layer  lying  deeper  in  the  sample  than 
the  maximum  of  Li  atoms'  distribution.  This  was  observed 
directly  by  (n,  7)  reaction  method  (28]. 

3.  Lithium  implantation  results  in  generation  of  shallow 

(Ec-0.1)  ev  donors.  Electrons  in  the  conduction  band  have  high 
mobility  (about  1000  cm  v  sec  )  (13,29].  These  facts 

correspond  to  recent  calculations  by  Bernholz  and  oth  (12). 

4.  The  "average  efficiency  "of  Li  as  a  donor  is  much  smaller 
than  that  of  B  atoms  as  acceptors.  Thus  it  was  suggested  [13] 
that  the  majority  of  Li  atoms  can  occupy  substitutional  sites 
where  they  are  inactive  electrically. 

Phosphorus  as  a  donor.  We  have  reported  on  rectifying 
junctions  produced  by  implantation  of  P  ions  (2).  Experiments 
in  this  direction  were  not  continued:  there  is  some  evidence 
that  diamond  film  grown  from  plasma  in  presence  of  P^^^  have 
shown  electron  conductivity^  th^  Hall  mobility  reported  by  the 
author  was  near  to  50  cm  v’  sec'  (30). 

8.  Some  applications  of  Diamond  in  Electronics. 

a)  Diamond  heat  sinks;  Their  advantages  and  importance  were 
recognized  early  enough  (1).  At  present  they  are  produced  both 
from  natural  and  synthetic  crystals  in  many  places  including 
Moscow  and  Kiev  (3,4).  The  stage  of  diamond  films’  technology 
when  these  films  shall  simultaneously  have  high  heat 
conductivity,  stability  and  good  adhesion  on  suitable 
substrates  will  be,  most  probably,  a  crucial  step,  but  it  may 
require  several  years  of  hard  work.  A  simple  and  dependable 
method  of  direct  determination  of  heat  conductivity  was 
developed  by  Zezin  Soth  in  Moscow  (31), 

b)  Diamond  particle  counters  and  dosimeters  were  developed 
in  P.N. Lebedev  Institute  by  E.A.Konorova  and  S.F. Kozlov  (32). 
The  authors  of  (32)  used  injecting  contacts  produced  by  ion 
implantation,  and  at  present  there  is  a  series  production  of 
diamond  counters  and  dosimeters  in  Riga  (33). 

c)  There  were  several  cases  when  transistor  action  was 
achieved  in  diamond  structures  of  various  geometry.  Besides 
[15]  and  a  useful  discussion  in  a  review  by  Kvaskov  and 
Tkachenko  (34),  according  to  my  opinion,  the  results, 
published  recently  by  Melnikov,  Zaitzev  and  oth,  deserve 
attention  (35).  Using  standard  photolitography  technique,  they 
have  produced  matrixes  of  inpolar  field  effects  transistors  on 
natural  diamond  samples. 

d)  Other  types  of  electronics  devices:  Already  in  1979, 
A.Tager  published  well  founded  estimates  showing  that  diamond 
is,  in  principle,  an  excellent  material  for  JMPATT's 
(avalanche  diodes)  (36)  .  Later,  a  group  in  P.N. Lebedev 
Institute  by  using  ion  milling  technique  and  ion  implantation 
has  prepared  a  series  of  Read-type  diodes,  some  of  which  had 
typical  avalanche-type  V-J  characteristics. 

e)  Diamond  containing  ceramics.  According  to  a  recent 
publication  by  Rotner  brothers  (37),  diamond  ceramics, 
produced  by  baking  pellets  made  of  small  inexpensive  crystals 
at  a  pressure  of  7-8  GPa  and  a  temperature  of  2000“c ,  a  dense 
material  having  high  electric  resistivity  is  produced.  After 
illumination  of  the  surface  of  ceramics  by  sharply  focused 
intense  laser  beam,  very  stable  conductive  strips  were 
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produced.  They  were  shown  to  consist  ot  a  phase  r»[  amorphous 
carbon  (not  graphite):  the  electrical  resist  an<’e  o(  such 
strips  could  be  varied  in  wide  range,  and  the  process  was 
quite  reproducible. 

Conclusions.  One  can  see,  that  our  work  and  the  work  rif  my 
colleagues  in  USSR,  to  which  I  paid  most  attention,  was  mainly 
concerned  with  the  properties  and  processes  in  hulk  crystals. 
We  have  now  also  large  area  diamond  films  at  our  disposal;  one 
of  the  proofs  that  they  are  really  diamond  films  are  their  CL 
spectra.  Of  course,  we  shall  try  ion  implantation  in  the 
nearest  future. 

The  technology  of  diamond  films  deposition  is  economically 
profitable  already,  and  one  should  expect  a  rapid  development. 
.According  to  the  considerations  of  D-r  Bucklev  Holder, 
"strategic  window"  for  diamond  electronics  ) see  Fig.  4  )  shall 
begin  to  close  about  1995  in  the  field  of  basic  concepts 
(deposition,  epitaxy,  multilayers)  and  the  next  step 
(technology  options,  such  as  contacts,  lithography,  etching) 
shall  occupy  1997  to  2000  AD. 


Fig  4. 
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Fig.  4  The  strategic  window  for  Diamond  Electronics  (5|. 
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INVESTIGATION  OF  CVD-GROWN  DIAMOND 
BY  CATHODOLUMINESCENCE  IN  TEM 


RJ.  GRAHAM 

Center  for  Solid  State  Science.  Arizona  Stale  University,  Tempe.  AZ  85287- 17(14 


ABSTRACT 

Hiith  resolution  cathodoluminescence  (CL)  spectroscopy  and  imaging  have  been 
performed  in  transmission  electron  microscopy  (TEM)  to  analyze  defects  and  impurities  in 
polycrystalline  diamond  films  grown  by  chemical  vapor  deposition  (CVD)  using  a  variety  of 
gas  mixtures,  and  oxyacetylene  combustion  flame  synthesis  (CFS).  The  combination  of  CL 
and  TEM  allows  a  direct  correlation  of  film  microstructure  with  the  electronic  struciure  due  to 
defects.  The  CL  was  found  to  be  very  nonuniformly  distributed  on  a  submicron  scale 
reflecting  different  spatial  distributions  of  N,  B  and  Si  impurities  and  their  correlations  with 
microstructure.  Band  A  CL  due  to  closely-spaced  donor-acceptor  (D-A)  pairs  was  correlated 
with  dislocations  in  both  CVD-grown  and  CFS  material  whereas  band  A  from  widely- 
separated  D-A  pairs  was  uniformly  distributed  in  the  films.  CL  from  .several  different  N- 
related  point-type  defects  was  observed  and  found  to  depend  on  the  growth  gases  used, 
although  no  correlation  with  microstructure  has  been  observed  so  far.  A  di-Si  interstitial 
impurity,  believed  to  arise  from  the  Si  substrate  and  reactor  walls,  was  not  correlated  w  ith  any 
ticrostructure  but  varied  greatly  in  concentration  from  grain  to  grain  and  from  film  to  film.  In 
addition,  both  highly  faulted  and  defect-free  grains  were  found  to  emit  no  visible  CL  due  to 
mid  gap  slates. 


INTRODUCrriON 

The  synthesis  of  diamond  films  by  low  pressure  techniques  such  as  chemical  vapor 
deposition  (CVD)  is  currently  receiving  much  attention,  as  evidenced  by  the  appearance  of 
several  new  journals  and  whole  sections  of  exi.sting  journals  devoted  entirely  to  diamond.  The 
intrinsic  properties  of  diamond  such  as  hardness,  optical  transparency  and  high  carrier 
mobility,  promise  potential  applications  of  diamond  films  in  wear-resi.stant  coalings,  and  as 
optical  and  electronic  materials.  However,  current  attempts  at  hcteroepilaxial  growth,  usually 
on  Si  substrates,  have  resulted  in  heterogeneous  polycrystalline  films  containing  many  defects 
and  impurities.  One  of  the  goals  of  such  growth  methods  must  be  the  control  of  the  formation 
of  these  inhomogencities.  especially  if  potential  optical  and  electronic  applications  are  to  be 
realized.  Characterization  of  the.se  inhomogeneities  is  therefore  important  in  two  respects. 
First,  it  is  necessary  to  identify  these  defects  and  assess  their  impact  on  the  microstruclure  and 
electronic  structure  of  the  material.  Second,  it  is  desirable  to  understand  and  control  the 
formation  of  these  defects  so  that  potential  applications  of  this  material  can  be  realized 
succes.sfully. 

Since  the  films  are  polycrystalline  and  inhomogeneous,  it  is  clearly  necessary  to 
characterize  them  at  high  spatial  resolution.  While  transmission  electron  microscopy  (TEM) 
can  be  used  to  observe  the  microstructure,  this  and  allied  techniques,  such  as  electron  energy 
loss  spectro.scopy,  can  only  provide  limited  information  on  the  electronic  nature  of  the 
material.  Secondary  ion  mass  spectrometry  can  delect  low  levels  of  impurities  but  gives  no 
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information  on  their  effect  on  the  electronic  structure.  On  the  other  hand,  cathodoluminescence 
(CL)  spectroscopy  and  imaging  have  been  used  successfully  for  this  purpose,  since  defects  and 
impurities  often  introduce  states  within  the  5.5  eV  diamond  band  gap  which  give  rise  to  CL  in 
the  readily  detectable  visible  spectral  region.  However,  such  studies  have  all  been  performed 
in  a  scanning  electron  microscope  (SEM),  usually  with  limited  spatial  resolution.  This  is 
especially  true  when  thick,  as-grown  films  with  a  rough  surface  morphology  are  studied 
because  it  becomes  difficult  to  deduce  reliably  the  exact  origin  of  CL  within  the  films. 

The  analytical  technique  u.sed  in  this  work  is  spectrally  and  spatially  resolved  CL 
performed  in  TEM,  rather  than  SEM,  and  this  has  a  number  of  u.seful  advantages.  The  most 
significant  of  these  is  the  simultaneous  correlation  of  CL  emission,  resulting  from  the 
electronic  structure  associated  with  defects  and  impurities,  with  details  of  the  specimen 
microstructure,  such  as  the  presence  of  dislocations.  In  addition,  use  of  thinned  electron 
transparent  samples  enhances  the  spatial  resolution  compared  with  SEM  CL. 


EXPERIMENTAL 
TEM  CL  technique 

Experiments  were  performed  in  a  Philips  EM400T  analytical  electron  microscope 
equipped  with  high-resolution  TEM  CL  system,  the  full  details  of  which  may  be  found 
elsewheref  1,2).  The  system  includes  a  grating  spectrometer  (Spex  0.22m  Minimate)  for 
spectral  acquisition  and  a  cooled  RCA  C31034  photomultiplier  detector  covering  a  25()-900nm 
spectral  range.  None  of  the  spectra  shown  here  was  corrected  for  system  response  and  the 
spectral  resolution  was  2nm  throughout  except  where  stated  otherwise.  The  acquisition  of 
digital  panchromatic  or  monochromatic  CL  images  was  achieved  using  a  STEM  attachment 
and  a  multichannel  analyzer.  A  liquid  nitrogen-cooled  stage  was  used  to  give  a  specimen 
temperature  of  about  90K.  The  electron  probe  size  ranged  from  30 um,  for  large  area  spectral 
acquisitions  from  weakly  luminescing  material,  to  O.litm  for  most  high  resolution  spectral  and 
image  acquisitions  at  a  beam  voltage  of  12()kV. 


Growth  details 

Polycrystalline  diamond  films  I-lOjjm  thick,  grown  by  filament-assisted  (FA)  and  rf 
plasma-enhanced  (PE)  CVD  methods  were  studied. 

Material  prepared  by  FACVD  was  grown  from  a  gas  mixture  of  CH^  (2‘/f  vol.)  and 
hydrogen  using  a  tungsten  filament  operated  at  18(M)'C  on  a  roughened  Si  (100)  substrate 
which  was  positively  bias.sed  relative  to  the  filament.  Full  details  of  the  growth  process  are 
given  elsewhere  13,4|.  The  specimens  investigated  were  prepared  under  two  different 
conditions:  (a)  pressure  =  15  Torr,  sub.strale  temperature  ~  750’C:  (b)  pressure  =  30  Torr, 
substrate  temperature  ~  950’C. 

PECVD-grown  films  were  prepared  on  roughened  Si  (1(X))  substrates  using  a  variety  of 
gas  compositions  and  conditions  as  follows:  (a)  99%H2,  pressure  =  5.0  Torr, 

temperature  ~  650"C;  (b)  2%CO,  98%H2.  pressure  =  3.0  Torr,  temperature  ~  630"C;  (c) 
8%CF4,  92%H2,  pressure  =  5.0  Torr,  temperature  -  820"C;  (d)  209kCH3OH,  40'TCH3C(X)H, 
40%H20,  pressure  =  1 .0  Torr,  temperature  -600‘C.  Growth  of  the  film  from  dilute  CF^  was 
achieved  on  unroughened  Si  substrate  and  is  described  in  more  detail  elsewhere|5j.  An 
addUional  film  was  grown  using  2%CO/98%H2  at  a  temperature  of  ~  725’C  on  R-pIane 
(1012)  sapphire  to  examine  the  effect  of  the  substrate  on  the  presence  of  impurities  and 
defects. 
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Diamond  films  grown  by  oxyacetylene  combustion  flame  synthesis  (CFS)  were  also 
studied.  Material  consisting  of  ( 100]  oriented  single  crystals  aggregated  into  a  film  300- 
500 um  in  thickness  was  grown  by  allowing  an  oxyacetylene  torch,  operated  in  a  slightly 
acetylene-rich  mode,  to  impinge  on  to  a  molybdenum  substrate  maintained  at  -1000"C|61. 


Specimen  preparation 

The  thicker  CVD-grown  films  were  removed  from  the  substrate  by  dissolving  the  Si 
with  a  mixture  of  HF  and  HNO^  and  mounted  on  3  mm  copper  slot  grids.  The  substrate  of  the 
thinner  films  was  retained  for  support  but  was  mechanically  dimpled.  These  .specimens  were 
then  thinned  for  TEM  CL  by  milling  with  5  keV  Ar"*"  ions  at  77K  to  perforation.  E.specially  in 
the  case  of  the  thicker  films,  the  very  uneven  surface  morphology  resulted  in  specimens  with 
highly  variable  thickness  but  also  many  holes  surrounded  by  electron  transparent  regions. 

Due  the  large  thickness  and  extremely  uneven  surface  of  the  films  grown  by  combustion 
flame  synthesis,  specimens  of  this  material  were  prepared  by  crushing  in  an  agate  pestle  and 
mortar  under  isopropanol  to  produce  thin  electron  transparent  cleaved  flakes. 


RESULTS 
CL  spectra 

Figure  1  shows  CL  spectra  acquired  from  relatively  large  regions  (10-20um  diameter)  of 
various  diamond  films.  The  principal  spectral  features  are  summarised  in  table  1  and  have  all 
been  observed  previously  to  varying  extents  in  diamond  films  grown  by  low  pressure 
methods[7-171. 

The  band  at  415-436nm,  known  as  band  A,  is  due  to  closely-spaced  donor-acceptor  (D- 
A)  pair.sl  18).  The  donor  is  believed  to  be  a  substitutional  aggregate  containing  an  even  number 
(probably  two)  of  nitrogen  atoms  and  the  acceptor  is  boron)  19].  The  broad  bands  at  470- 
607nm  are  probably  also  band  A  but  are  due  to  widely-separated  D-A  pairs.  It  is  also  possible 
that  these  are  phonon  sidebands  of  zero  phonon  lines  at  higher  energy,  which  are  unresolved  in 
highly  strained  material.  The  575nm  band  arises  from  a  center  probably  consisting  of  a  single 
nitrogen  atom  and  one  or  more  vacancies)  1 1,20).  The  uncorrected  weak  387. 8nm  peak  is 
identified  as  the  388. 8nm  (3.188eV)  emission  due  to  either  an  interstitial  nitrogen  or  nitrogen- 
interstitial  carbon  complex  and  the  peak  at  532-534nm  is  probably  similarly  due  to  a  nitrogen- 
vacancy-related  complex[8-10|;  both  identities  have  been  recently  discussed)  1 1],  The  narrow 
peak  at  about  738nm  is  the  same,  within  experimental  error,  as  that  observed  previously  in 
CVD-grown  diamond  and  is  attributed  to  di-Si  interstitial  impurities] 8,1 2,21).  The  origins  of 
the  emissions  at  356-365nm,  484nm  and  514nm  are  unknown  at  present  but  may  also  be 
nitrogen-related.  The  energies  of  the  emissions  were  generally  independent  of  substrate  type 
(Si  or  sapphire)  for  the  dilute  CO-grown  material  however  the  738nm  peak  was  considerably 
more  intense  when  the  substrate  was  Si. 


Correlation  of  CL  with  microstructure 


Correlations  of  CL  with  microstructure  fall  into  two  groups.  In  relatively  large-grained 
(greater  than  1  um)  material  where  a  limited  amount  of  non-diamond  carbon  is  also  present,  the 
CL  intensity  was  usually  intense  enough  to  permit  a  direct  correlation  of  monochromatic  CL 


IQO 


Wavelength  (nm) 


(b) 


Methanol/ Acetic  acld/Water  CVD*grown 
diamond  CL  large  area  acquisition  T=90K 


(c) 


I 

c 

t 


Wavaltngth  (nm> 


(d) 


Figure  1.  CL  spectra  acquired  from  large  areas  (10-30jim)  of  various  diamond  films:  (a) 
PECVD-grown  (1)1  %CH^.  99%H2,  pressure  =  5.0  Torr,  temperature  ~  650’C  on  Si  ( 1(X));  (2) 
8%CF4,  92%H2,  pressure  =  5.0  Torr,  temperature  ~  820°C  on  Si  (100);  (3)  29fCO,  989S:H7, 
pressure  =  3.0  Torr,  temperature  ~  630*C  on  Si  (100):  (4)  2%CO,  98%H2,  pressure  =  3.0  Toir, 
temperature  ~  725”C  on  R-plane  (10T2)  sapphire;  (b)  PECVD-grown  methanol/acetic 
acid/water  mixture  on  Si  (UK));  (c)  CFS  diamond  film  on  Mo;  (d)  FACVD-grown  2%CH^, 
99%H2,  pressure  =  15  Torr,  temperature  -  750’C  on  Si  (100). 
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Table  I  CL  emissions  detected  in  this  work,  listed  in  ascending  wavelength  and  grouped  in 
similar  type  (energy,  narrow  peak  or  broad  band)  with  corresponding  growth 
methods/conditions  and  impurity  or  defect  responsible.  MAW  =  Methanol,  Acetic  acid  Water 
(20%CH30H,  40%CH3COOH,  40%H20).  All  substrate  material  was  Si  (except  CFS  films 
where  Mo  was  used). 


CL  EMISSION 


GROWTH  CONDITIONS  IMPURITY/DEFECT 


356±lnm(3.48±0.01eV)  FACVD  2%H2  30  Toit/950"C  Unknown,  unique  to 

365±lnm(3.40±0.0IeV)  FACVD  15  Torr/fSO'C  CVD-grown  diamond? 


387.8±0.5nm  (3.196±0.004eV)  CFS  O2/C2H2  1000*C 


Interstit.  N  or  N- 
interstit.  C  complex 


4J5±lnm  (2.99±0,01eV) 
428+1  nm  (2.90±0.01eV) 

431±lnm(2.88+0.0IeV) 

436+ Inm  (2.84±0.01eV) 

483±lnm  (2.566+0.(X)5eV) 
484+ Inm  (2.56I±0.(X)5eV) 

514+lnm  (2.412+0.004eV) 

532+lnm  (2.330±0.004eV) 

534+lnm(2.321±0.004eV) 

575+0.5nm  (2.156+0.002eV) 


470+ Inm  (2.637+0.005eV) 
540±lnm  (2.295±0.004eV) 
551+Inm  (2.250+0.004eV) 
577±lnm  (2.149+0.004eV) 
607±lnm  (2.042±0.003eV) 


FACVD  2%H2  30  Torr/950“C 
FACVD2%H2  15Tori/750'C 
PECVD  1%H2  5TorT/650'C 
CFS  O2/C2H2  lOOO-C 

PECVD  MAW  1Tott;600*C 
PECVD  2%CO  3  Toit/630‘C 

Closely-spaced 
donor-acceptor 
(D-A)  pairs.  D  is 
even  number  (2?)  of 
nitrogen  atoms,  A 
is  boron. 

PECVD  MAW  1  TorT/600‘C 
PECVD  2%CO  3  Torr/630'C 

Unknown 

PECVD  MAW  ITorr/bOO'C 

Unknown 

CFS  O2/C2H2  lOOO'C 

PECVD  MAW  lTorr/600'C 
PECVD  2%CO  3Torr/630"C 

Nitrogen-vacancy- 
related  complex 

CFS  O2/C2H2  lOOO'C 

PECVD  MAW  ITorr/bOO’C 

Single  nitrogen  +  1 
or  more  vacancies 

PECVD  1%H2  5To/t/650'C 
PECVD  8%CF4  5  TotT/820'C 
FACVD  2%H2  l5Torr7750'C 
FACVD  2%H2  30  Torr/950'C 
PECVD  2%C0  3  Torr/630'C 

Widely-separated 

D-A  pairs,  or 
unresolved  phonon 
sidebands  of  higher 
energy  zero  phonon 
emissions. 

737.6+0.5nm  (1.680±0.001eV) 
737.8+0.5nm  (1.680±0.001eV) 

738.2+0.5nm  (1.679±0.001eV) 
738.7+0.5nm  (1.679+O.OOleV) 


CFS  O2/C2H2  lOOO'C 
PECVD  2%CO  3  Toit/630'C 
PECVD  8%CF4  5  Torr/820’C 
PECVD  MAW  ITorr/600'C 
FACVD2%H2  15Torr/750'C 


Di-silicon 
interstitial  defect 
(or  N-tnodified 
version  of  GRl?) 
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mapping  with  specimen  microstructure.  In  smaller-grained  or  less  luminescent  material  only  a 
general  correlation  with  overall  microstructure  was  possible. 

(i)  direct  correlation 

Material  grown  by  FACVD  using  dilute  CH^  at  15  Torr/750"C  was  found  to  suitable  for 
CL/TEM  correlationPl.  Figure  2  shows  monochromatic  CL  images  of  thin  film  diamond 
using  the  closely-spaced  D-A  pair  and  di-Si  interstitial  CL  emissions.  The  images  have 
distinctly  different  intensity  distributions  with  the  D-A  emission  more  "spotty"  and  the  di-Si 
defect  emission  often  reflecting  the  long  narrow  microstructure  of  the  grains  in  this  material. 


/-428nm  5^^  /'=738nm 

Figure  2.  Monochromatic  CL  images  showing  closely-spaced  D-A  (X=428nm)  and  di-Si 
(X=738nm)  impurity  distributions  in  FACVD-grown  material  (15  Torr/750"C). 


These  images  were  acquired  from  material  too  thick  for  TEM  imaging,  however  figure  3 
shows  CL  spectra  acquired  from  three  adjacent  thin  grains.  This  shows  that  the  closely-spaced 
D-A  emission  is  correlated  with  the  pre.sence  of  dislocations  and  that  the  defect-free  grain  is 
emitting  no  CL  within  the  detectable  range.  Further  observations  confirmed  this  correlation 
and  while  the  di-Si  defect  emission  was  found  to  vary  greatly  from  grain  to  grain,  it  was  not 
correlated  with  any  particular  microstructure.  Other  emissions  at  about  360nm  (origin 
unknown)  and  550nm  (widely-separated  D-A  pairs)  were  much  more  uniformly  distributed 
throughout  the  films.  Both  highly  defective  and  defect-free  regions  of  the  films  were  found  to 
emit  no  observable  CL.  In  the  former  case  non-radiative  carrier  recombination  is  probably  the 
cause.  In  the  latter  case,  the  absence  of  extensive  diffuse  scatter  in  convergent  beam  electron 
diffraction  (CBED)  patterns  acquired  from  such  grains  suggests  a  low  degree  of  static  disorder 
and  so  these  grains  may  be  defect-free,  having  no  states  in  the  band  gap. 

A  direct  correlation  was  also  possible  in  the  CFS  diamondll?].  Figure  4  shows  the 
microstructure  and  CL  spectra  from  two  particles.  Again,  closely-spaced  D-A  pairs  are 
correlated  with  dislocations.  The  other  dominant  emission  from  this  material  is  at  575nm  and 
is  attributed  to  a  defect  probably  consisting  of  a  single  nitrogen  atom  and  one  or  more 
vacancies)  1 1,20|.  This  emi.ssion  is  not  correlated  with  any  microstructure  and  so  this  point- 
type  defect  appears  to  be  di.spersed  throughout  apparently  fault-free  material.  Here  also.  D-A 
emission  is  absent  when  dislocations  are  absent. 
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Figure  3.  TEM  image  showing  defect-free  grain  and  grains  with  dislocations  on  either  side 
(grain  boundaries  are  highlighted  in  white).  CL  spectra  acquired  from  each  grain,  using  an 
astigmatic,  elongated  probe,  show  blue  band  A  emission  due  to  clo.sely-spaced  D-A  pairs 
correlated  with  dislocations  and  little  CL  from  the  defect-free  grain. 
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CL  Combustion  flame  grown  diamond 
on  dislocations  T«90K  iSOkeV 


Waverength  (nmi 


CL  Combustion  flame  grown  diamond 
faulty  dislocation-free  T>90K 
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Figure  4.  TEM  images  and  CL  spectra  from  fragments  of  CFS  diamond.  Crystal  containing 
dislocations  (arrowed)  gives  strong  D-A  related  emission  whereas  fault-free  material  has  no  D- 
A  CL  and  only  the  vibronic  emission  with  zero  phonon  line  (ZPL)  at  575nm  due  to  a  single 
nitrogen  atom  +  vacancy(ies).  (The  small  dark  particles  in  the  TEM  images  are  non- 
luminescent  debris  from  the  agate  pestle  and  mortar  used  to  crush  the  CFS  diamond  films). 

Thin  regions  of  the  methanol/acetic  acid/water  (MAW)  PECVD-grown  diamond  also 
permitted  a  direct  correlation.  The  CL  spectrum  from  this  material  is  particulary  rich  in 
different  emissions  (fig.  1).  and  figure  5  shows  CL  images  using  the  four  most  intense 
emissions  from  the  same  (mostly  thick)  region  of  specimen.  Some  of  the  intensity  variations 
are  attributable  to  a  non-uniform  thickness  but  other  independent  variations  clearly  exist.  This 
suggests  that  although  the  same  impurity,  nitrogen,  is  responsible  for  at  least  three  of  these 
emissions,  the  various  forms  of  the  nitrogen-related  defects  are  distributed  differently. 
Extensive  twinning  and  stacking  faults  were  often  observed  in  this  material  and  preliminary 
observations  indicate  that  closely-spaced  D-A  emission  is  also  correlated  with  the  presence  of 
these  defects.  Work  is  in  hand  to  detect  any  correlation  of  the  other  nitrogen-related  defects 
with  the  microstructure. 


(ii)  indirect  correlation 


For  material  grown  from  dilute  CH4,  CO  and  CF^  by  PECVD,  only  a  general  indirect 
CLA^M  correlation  was  attempted(161.  All  specimens,  except  the  CF^-grown  films,  showed 
closely-spaced  D-A  pair  band  A  emission.  Although  this  has  been  specifically  correlated  with 
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Figure  5.  Monochromatic  CL  images  from  the  methanol/acetic  acid/water  mixture  PECVD- 
grown  Films  using  the  emissions  indicated.  At  least  three  of  these  emissions  are  believed  to  be 
due  to  nitrogen  as  a  number  of  different  defect  structures.  Some  of  the  intensity  variations  are 
due  to  specimen  thickness  variations  but  other  differences  in  the  distribution  of  the  various  CL 
emissions  also  exist.  This  indicates  that  the  spatial  distribution  of  each  of  the  various  nitrogen- 
related  defects  in  the  film  is  different. 
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dislocations  and,  in  one  case,  stacking  faults/microtwins,  other  defects,  e.g.  non-diamond 
inclusions,  could  potentially  allow  D-A  pairs  to  exist  in  varying  degrees  of  proximity.  This 
may  account  for  the  extremely  broad  band  A  observed  in  the  CH^-grown  material  where  such 
defects  in  single  crystals  abound  and  to  a  lesser  extent  the  CO-grown  film  on  sapphire. 
However,  if  the  density  of  other  defects  becomes  too  high  resulting  in  poor  crystallinity, 
increased  non-radiative  recombination  reduces  the  overall  CL  intensity,  as  seen  in  the  CO- 
grown  films.  Significantly,  the  CF^-grown  material  was  the  least  defective  at  a  microscopic 
level,  i.e.  excluding  microtwins,  and  showed  no  such  band  due  to  closely-spaced  D-A  pairs. 
All  films  showed  some  degree  of  band  A  due  to  widely-separated  D-A  pairs  normally  seen  in 
synthetic  diamond.  In  the  CF^-grown  films  this  was  the  only  peak  of  any  significant  intensity 
and  the  slightly  higher  peak  energy,  2.3eV  compared  with  about  2.1eV  for  the  CO-grown 
films,  suggests  either  a  difference  in  impurity  concentration  or  smaller  mean  D-A  pair 
separation. 


DISCUSSION 

For  band  A  emission,  a  Coulombic  contribution  in  the  recombination  energy,  which 
depends  on  the  mean  separation  of  the  D-A  pairs,  results  in  band  A  peaking  in  the  400-480  nm 
(3.0-2. 6  eV)  blue  range  lor  closely-spaced  pairs  and  in  the  500-560  nm  (2. 5-2. 2  eV)  green 
range  for  more  distant  pairs.  Blue  band  A  luminescence  is  normally  associated  with  natural 
diamonds  where  it  is  thought  that  closely-spaced  D-A  pairs  evolve  by  diffusion  of  the 
impurities  at  elevated  temperatures  over  millions  of  years.  In  contrast,  green  band  A  emission 
is  emitted  from  synthetic  diamond  where  the  rapid  growth  process  has  "frozen"  the  impurities 
at  relatively  widely  spaced  sites  within  the  lattice.  In  our  present  observations  on  low  pressure- 
grown  diamondl7,16,17j,  we  have  observed  that  in  fact  blue  band  A  in  the  415-431nm  range  is 
directly  correlated  with  the  presence  of  dislocations  and  in  one  case,  also  stacking  faults  or 
twins.  A  similar  observation  was  made  on  natural  type  Ilb  diamonds[2].  Presumably,  closely- 
spaced  D-A  pairs  are  incorporated  in  the  dislocations  during  growth,  and  although  the  atomic 
structure  of  such  a  system  is  unknown,  a  one-dimensional  D-A  pair  model  has  been 
suggested[2].  In  the  FACVD-grown  material  the  relatively  uniform  distribution  of  green  band 
A  CL  at  551  nm  due  to  widely-separated  D-A  pairs,  indicate  that  these  centers  are  fairly 
homogeneously  dispersed  throughout  the  film.  Nitrogen  is  presumably  a  contaminant  of  the 
source  gases  and  vacuum  system,  although  high  purity  gases  were  used  in  most  of  the  growths. 
No  attempt  was  made  to  remove  nitrogen  dissolved  in  the  MAW  components  and  it  is  worth 
noting  that  the  various  nitrogen-related  CL  emissions  were  fairly  intense  in  this  material.  In 
the  CFS  diamond,  the  combustion  was  carried  out  in  air  and  so  the  abundance  of  nitrogen- 
related  defects  is  not  surprising  either.  Boron  may  exist  as  an  impurity  in  the  CVD  reactor 
components  and  in  the  FACVD-grown  material,  the  Si  substrate  was  B-doped.  The  presence 
of  boron  has  been  confirmed  in  some  material  by  SIMS[16).  The  origin  of  boron  in  the  CFS 
material  i.s  more  difficult  to  explain.  Moreover,  apparently  B  only  exists  as  an  acceptor  in  this 
material  at  the  dislocations  and  not  in  unfaulted  crystal  (fig.  4).  This  leads  one  to  question  the 
identity  of  B  as  the  acceptor  and  tentatively  speculate  that  instead  some  atomic  arrangement  at 
the  dislocation  exists  with  an  acceptor-like  electronic  structure. 

Several  other  nitrogen-related  CL  emissions  have  been  ob.served  but  none  so  far 
correlated  with  any  particular  microstructure  although  they  are  sometimes  non-uniformly 
distributed. 

The  origin  of  the  peak  at  about  738nm  deserves  some  discussion  since  at  least  two 
different  centers  are  known  to  cause  emission  close  to  this  energy.  The  GR I  emission,  due  to 
the  neutral  vacancy  defect,  occurs  at  l.673eV[19).  Another  peak  at  L685eV  has  been 
attributed  to  a  di-Si  interstitial  defect(8,221  and,  more  recently,  peaks  at  I.680eV  and  1.681eV 
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have  been  attributed  to  the  same  defect[7, 12,15,16,21 1.  Annealing  studies  and  experiments 
with  substrates  other  than  Si(  1 5,1 6,2 1  ],  which  is  often  used  in  CVD  diamond  growth  and 
believed  to  be  a  major  source  of  Si  impurity,  would  seem  to  confirm  that  Si  is  involved  in  this 
defect.  In  addition,  glass  reactor  components  are  also  possible  sources  of  Si.  However,  in  the 
case  of  CFS  diamond,  there  is  no  obvious  source  of  Si  impurity.  It  therefore  seems 
questionable  that  the  di-Si  defect  is  responsible  for  the  observed  peak  in  that  material  and  so 
the  GRl  defect  could  be  considered  as  a  possible  cause.  Although  the  presence  of  stress  can 
shift  the  GRl  energy  by  several  meV,  the  full  width  at  half  maximum  (FWHM)  of  the  738nm 
peaks  seen  here  is  only  7meV  compared  with  25meV  as  apparently  observed  for  GR1[1 1).  The 
effect  of  stress  and  the  possible  influence  of  nitrogen  on  GRl  is  discussed  in  more  detail 
elsewhere[  17].  In  FACVD-grown  material,  no  correlation  of  di-Si  impurity  with 
microstructure  or  any  other  CL  emission  was  observed.  The  defect  appears  to  vary  in 
concentration  from  grain  to  grain  but  is  relatively  homogeneous  within  a  single  grain. 

To  date,  most  low  pressure  diamond  growth  has  been  carried  out  using  dilute 
hydrocarbons.  It  seems  that  the  presence  of  other  atomic  species,  such  as  O  in  CO  and  the 
MAW  mixture,  and  F  in  CF,j  does  not  introduce  any  optically  active  impurity  or  defect  states 
not  previously  observed  in  dilute  CH,^-grown  CVD  diamond. 

Finally,  it  is  worth  briefly  discussing  the  absence  of  CL  from  those  grains  which  are 
apparently  defect-free.  It  would  appear  that  such  grains  contain  very  low  levels  of  impurities 
and  do  not  therefore  emit  CL  in  the  visible  spectrum  but  rather  in  the  UV  close  to  the  band  gap 
which  is  not  detectable  with  our  current  system.  Such  CL  has  been  observed  from  CVD-grown 
diamond(91  but  no  correlation  with  microstructure  was  possible  in  the  work  reported.  It  is 
interesting  to  note  that  defect-free  grains  often  occur  adjacent  to  those  containing  many  defects 
and  may  result  from  different  nucleation  processes. 


CONCLUSION 

TEM  CL  has  been  used  to  correlate  electronic  structure  due  to  defects  and  impurities 
with  microstructure  in  a  variety  of  low  pressure-grown  diamond  films  at  high  spatial 
resolution.  The  CL  spectra  from  the  various  films  exhibit  emissions  common  to  one  another 
but  the  form  of  the  spectra  vary  considerably  from  material  to  material.  The  films  are  very 
inhomogeneous  on  a  submicron  scale  with  the  impurity  and  defect  content  varying  greatly 
from  grain  to  grain.  Grains  with  many  defects  are  often  found  adjacent  to  defect-free  grains  of 
high  purity.  The  dominant  impurity  is  nitrogen  which  is  present  in  a  variety  of  defect  forms  in 
the  diamond  lattice.  Closely-spaced  D-A  pairs  have  been  directly  correlated  with  dislocations 
and  in  one  ca.se  stacking  faults  and  twins.  Interstitial  silicon  is  incorporated  in  many  films  and, 
like  other  point  defect-type  nitrogen  impurities,  has  not  been  correlated  with  any  particular 
microstructure.  In  addition,  nitrogen  may  be  playing  a  role  in  the  growth  process.  Certainly  it 
is  associated  with  major  faults  in  diamond  grown  by  a  variety  of  low  pressure  methods,  but 
whether  it  simply  .segregates  to  the  defects  or  in  fact  is  their  cause  is  not  known.  This  question 
and  the  reasons  for  the  nucleation  of  these  defect-free  grains  is  the  subject  of  continuing  work. 
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ABSTRACT 

Diamond  (111)  surfaces  with  the  dehydrogenerated  2x1  reconstruction  have  been  exposed  to 
a  beam  of  atomic  fluorine  at  300  K.  The  uptake  of  fluorine,  as  measured  using  X-ray 
photoelectron  .spectroscopy,  is  quite  efficient  and  .saturates  at  a  coverage  of  less  than  a 
monolayer.  Low  energy  electron  diffraction  patterns  indicate  that  fluorine  termination  of  the 
diamond  surface  produces  a  1x1  bulk-like  reconstruction  in  contrast  to  the  disordered  surface 
produced  on  the  (100)  surface. 


INTRODUCTION 

In  order  for  diamond  to  become  a  viable  semiconductor  material,  several  large  advances  in 
growth  techniques  must  be  made.  To  this  date,  no  verified  instances  of  large  scale  heteroepitaxy 
have  been  reported.  This  lack  of  success  appears  to  be  due  to  the  propensity  (in  high  pressure 
reactors)  of  diamond  to  nucleate  at  multiple  .sites  and  produce  growth  of  micron-sized  crystallites 
which  coalesce  into  a  thin  film.  In  order  to  grow  epitaxial  films  over  large  areas,  films  must  be 
grown  two-dimen.sionally  (or  in  a  Frank-Van  der  Merwe  growth  mode);  this  evidently  requires  a 
very  slow  growth  rate  that  would  be  more  relevant  to  molecular  beam  epitaxy  (MBE)  techniques. 
Furthermore,  careful  tailoring  of  films  with  features  having  dimen.sions  on  the  order  of  a  lattice 
parameter  will  be  required  to  produce  advanced  devices  such  as  quantum  well  structures. 

We  are  attempting  to  develop  an  atomic  layer  epitaxy!  1.21  .scheme  for  the  deposition  of 
diamond  thin  films  based  on  the  u.se  of  halogenated  reagents.  Such  a  scheme  would  involve  the 
use  of  self-limiting  chemical  reactions  that  would  provide  control  of  the  deposition  proce.ss  on  an 
atomic  scale.  To  this  end,  we  have  been  investigating  the  .surface  chemi.stry  of  diamond  and 
graphite  substrates  with  both  fluorine  and  chlorine  atom.sl3-6). 

This  paper  pre.sents  results  from  experiments  involving  fluorine  atom  adsorption  on  a 
diamond  (111)  surface,  specifically  the  dehydrogenated  2x1  reconstruction.  Previous  work  on 
mono-hydrogenated  1x1  (100)  surface,  has  shown  that  fluorine  atoms  adsorb  at  a  .saturation  level 
of  =3/4  of  a  monolayer  forming  a  disordered  carbon  monofluorine  moiety(3).  The  adlayer  is 
stable  up  to  700  K  whereupon  fluorine  de.sorbs  in  .some  form,  although  desorption  is  not 
complete  until  a  temperature  of  1 100  K  is  reached. 


EXPERIMENTAL 

Studies  were  performed  in  an  ultrahigh  vacuum  apparatus  comprising  a  turbomolecular 
pumped,  liquid  nitrogen  trapped  ultrahigh  cell  (ultimate  vacuum  -  3  x  10  "'Torr)  interfaced  to  an 
ion/sublimation  pumped  analysis  chamber.  The  diagnostics  available  in  the  analysis  chamber  are 
x-ray  photoelectron  spectro.scopy  (XPS)  and  low  energy  electron  diffraction  (LEED).  The 
.sample  is  transferred  between  chambers  u.sing  a  linear  motion  feedthrough  with  .sample 
heating!  1200  K)  and  cooling  ( 1 20  K)  capabilities. 
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The  “)  X  5  X  0.25  mm  type  2A  diamond  (1 1 1)  substrate  (Dubbeldee  Harris)  was  poli.shed 
using  0.25  mm  diamond  grit  in  oleic  acid  and  rinsed  in  acetone  and  ethanol  baths  in  an  ultrasonic- 
cleaner  to  remove  any  trace  of  the  polishing  process.  Heating  the  substrate  to  =  750  K  in 
vacuum  produced  a  surface  devoid  of  any  contaminants  as  measured  by  the  XPS  diagnostic. 
Bright  1x1  LEED  patterns  at  150  eV  were  obtained,  indicating  the  presence  of  the  hydrogenated 
1x1  bulk-like  reconstruction.[71  Further  heating  to  =  1050  K  produced  intense  2x2  LEED 
patterns  indicating  the  formation  of  the  dehydrogenated  2x1  surface.  This  reconstruction 
removes  the  dangling  bands  (one  per  surface  carbon)  by  forming  surface  carbon  dimer  bonds. 

The  fluorine  atom  .source  has  been  de.scribed  in  detail  elsewhere.|8]  Briefly,  it  con.sists  of  a 
miniature  fast  flow  tube  whose  output  is  sampled  by  a  small  aperture  (40  pm),  which  produces 
an  atomic  or  molecular  beam.  A  5%  fluorine  in  argon  gas  mixture  (2  Torr)  flows  (500  seem) 
through  an  alumina  tube  which  is  surrounded  by  an  Evenson-type  microwave  discharge  cavity, 
past  the  aperture,  and  exhausts  through  a  co-annular  pas.sage.  (Operating  the  di.scharge  at  70W 
power  produces  nearly  100%  di.ssociation  of  the  fluorine.  The  alumina  flow  mbe  is  readily 
passivated  and  no  recombination  of  F  atoms  in  the  gas  or  on  the  walls  is  seen  when  the  beam  is 
sampled  by  a  mass  .spectrometer. 

The  XPS  analy.ses  were  performed  u.sing  a  PHI  15  keV.  Mg  K„  x-ray  source  and  a  PHI  15- 
255  GAP  double  pass  cylindrical  mirror  electron  energy  analyzer  operated  at  a  pass  energy  of  25 
eV.  The  analyzer  was  calibrated  using  the  Au  4f7/2  peak  at  83.8  eV  and  is  accurate  to  ±0.2  eV. 
Due  to  the  insulating  properties  of  the  diamond  sample,  significant  charging  effects  were 
observed.  For  this  reason,  all  spectra  presented  here  are  referenced  to  the  C  Is  peak  (285.0  eV) 
of  bulk  diamond.  This  peak  has  a  full  width  at  half  maximum  (FWHM)  of  1 .4  eV  and  i's 
assignment  is  never  ambiguous.  Ruorine  atom  concentrations  are  measured  using  the  F  Is 
transition  at  685.5  eV.  The  LEED  diagnostic  is  of  a  reverse  view  variety  (Princeton  S'-ientific 
In.struments). 


RESULTS  AND  DISCUSSION 

Figures  1-3  present  data  obtained  from  the  dehydrogenated  2x1  reconstruction.  In  this  case, 
the  surface  dangling  bonds,  produced  by  desorbing  the  surface  hydrogen,  are  energetically 
satisfled  by  forming  surf  ace  dimer  bonds  between  carbon  atoms.  Thus  fluorine  atom  addition 
reuuires  the  breaking  of  the  surface  dimer  bond  upon  formation  of  a  carbon  fluonne  bond. 

Figure  1  pre.sencs  an  F  atom  uptake  curve  (measured  using  the  XPS  )  as  a  function  of  exposure  to 
atomic  fluorine  (1  ML  =  1.8  x  lOi-'  cm-^).  The  initial  uptake  appears  to  be  first  order  in 
fluorine  atom  coverage.  The  saturation  coverage  is  le.ss  than  a  monolayer  as  determined  from  the 
C  Is  spectrum  which  indicates  only  partial  di.sappearance  of  a  surface  state  feamre.|3) 

Figure  2  presents  an  arti.sts  rendition  of  the  obtained  LEED  patterns  before  and  after 
fluorination.  Fluorinabon  decreases  the  inteasity  of  the  .second  order  spots  indicating  that  the 
surface  dimers  are  being  broken  to  form  areas  of  a  fluorine  terminated  1  x  1  reconstruction.  The 
second  order  spots  never  entirely  di.sappear  which  is  in  accordance  with  the  fact  that  the 
saturation  coverage  determined  above  is  le,ss  than  the  monolayer  required  to  totally  terminate  the 
surface.  Unfortunately,  without  quantitative  information  as  to  the  width  and  relative  intensities  of 
the  individual  spoLS,  it  is  impo.s.sible  to  determine  the  relative  sizes  of  the  I  x  1  and  2x  1  domains. 
This  behavior  is  quite  different  from  that  found  on  the  (100)  .surface  where  fluorine  addition 
results  in  a  disordered  surface.  Instead,  fluorine  atoms  on  the  ( 1 1 1 )  surface  behave  in  a  manner 
similar  to  that  of  hydrogen  atoms  who.se  removal  and  adsorption  to  form  ordered  surfaces  are 
quite  reversible(7,9].  It  is  interesting  to  note,  though,  that  as  repeated  cycles  are  attempted  with 
both  atomic  hydrogen  and  fluorine,  the  LEED  patterns  become  generally  dimmer  indicating  some 
damaee  to  the  surface!  101. 


Figure  1. 
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I'ptake  curve  (if  fluorine  as  a  function  of  atomic  fluorine  exposure.  The 
integrated  tluorine  XPS  .signal  has  been  normalized  to  the  integrated  carbon  peaL 
(I  ML=  l.S  X  lOi'cm-2). 

DIAMOND  (111)  LEED  PATTERN 


Figure  2 


Artist's  rendition  of  LFED  patterns  obtained  at  a  beam  voltage  of  150  eV.  Note 
that  the  second  order  spots  are  much  less  intense  after  lluonnation  indicating  a 
partial  reconstrution  of  the  2x1  sutlac**  to  a  1x1  bulk-like  configuration. 
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Figure  3  presents  the  relative  tluiirine  coverage  as  a  function  of  temperature  for  a  ( 1 1 1 )  surface 
which  has  been  fluorinated  to  saturation  coverage  at  room  temperature.  This  thermal  behavior  is 
quite  similar  to  that  found  on  the  (100)  surface,  where  fluorine  desorption  also  begins  at 
approximately  700  K,  We  note  that  the  actual  fluorine  and  carbon  spectra  obtained  on  both 
surfaces  are  virtually  identical  in  shape  and  structure. 


CONCLl-,SIONS 

Fluorine  atom  ad.sorption  on  both  the  dehydrogenated  2x  I  reconstruction  of  the  diamond 
1 1 1 1 1  surface  and  nonhydrogenated  1x1  bulk-like  recomstruction  of  the  diamond  ( 100)  .surface 
are  found  to  be  quite  similar  in  most  respects.  Ad.sorption  is  efficient  and  .saturation  coverages  of 
a  carbon  monofluonde  .species  of  le.ss  than  a  monolayer  are  found  in  both  cases.  Fluorine  in 
some  form  .starts  desorbing  at  =700  K,  but  .some  fluorine  coverage  is  found  up  to  a  temperature 
of  1 100  K.  The  major  difference  is  that  while  fluorine  addition  to  the  (100)  surface  produces  a 
disordered  adlayer,  the  2x  1  (111)  surface  is  partially  reconstructed  to  the  1  x  1  bulk-like 
reconstruction  due  to  fluorine  termination.  This  re.sult  is  in  accordance  with  the  concept  that  the 
(111)  surface  is  less  stencally  hindered  than  the  ( 100)  surface  due  to  the  presence  of  only  one 
adduct  site  as  compared  to  two  on  the  (100)  surface. 
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Figure  3 


Ihermal  stability  of  fluorinated  diamond  adlayer.  The  substrate  was  fluonnatcd 
to  saturation  of  300  K  before  heating. 
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ABSTRACT 


Undoped  and  boron-doped  diamond  epitaxial  films  were  deposited 
on  diamond(OOl)  substrate  by  micro-wave  plasma  assisted  chemical 
vapor  deposition  and  their  surfaces  were  studied  by  scanning 
tunneling  microscopy  in  air  An  atomic  order  resolution  was  confirmed 
for  the  observation . 

For  the  undoped  epitaxial  films,  which  showed  2x1  and  1x2 
RHEED  patterns,  dimer  type  reconstruction  was  observed  and  it  was 
considered  that  the  growth  occurs  through  the  dimer  row  extension  In 
the  case  of  B-doped  films,  the  dimer  reconstruction  was  also  observed 
However.  2x2  structure  due  to  the  absence  of  dimer  was  partially 
observed . 

The  effect  of  boron  concentration  and  methane  concentration 
during  epitaxial  growth  on  the  surface  morphology  were  also  studied 
The  morphology  observed  by  STM  became  flatter,  as  the  concentration 
of  B-dopIng  and  methane  concentration,  during  growth,  increased 


INTRODUCTION 

In  order  to  understand  the  growth  mechanism  of  diamond  chemical 
vapor  deposition  (CVO),  observation  of  a  grown  surface  is  believed  to 
be  required  It  is  very  important  to  control  surface  atomic  structure  and 
morphology  for  the  electronic  application  of  diamonds,  especially  for 
B-doped  epitaxial  films|1).  Shiomi  et  al  |2]  studied  the  morphology  of 
epitaxially  grown  diamond  surfaces  by  SEM  and  optical  microscopy 
(OM)  and  concluded  that  the  surface  roughness  caused  the  poor 
Schottky  property  of  d iamond -metal  interfaces 

Scanning  tunneling  microscopy  (STM)  is  one  of  the  most 
successful  methods  for  surface  analysis,  because  of  its  atomic  scale 
spatial  resolution.  Recently.  STM  observation  studies  have  been 
reported  for  surfaces  of  diamonds  grown  by  CVD.  Most  of  the  trials  are 
for  polycrystalline  diamonds[3-5i.  However,  study  lor  well-defined 
single-crystalline  surfaces  is  desirable  in  order  to  resolve  fundamental 
processes.  On  diamond(OOI)  surfaces.  2x1  and  1x1  structures  were 
reported  by  LEED  and  RHEED  observation  in  the  case  of  clean  surfaces 
in  UHV|6].  hydrogenated  surfaces)?]  and  epitaxially  grown  surfaces 
after  micro-wave  assisted  CVO(2].  The  authors  previously  reported  on 
the  real  space  imaging  by  STM  of  2x1|8|  and  1x1|9]  structures  after 
CVD  growth , 
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EXPERIMENTAL 

The  undoped  epitaxial  films  were  deposited  onto  diamond(OOl) 
substrates  using  micro-wave  plasma  assisted  CVD,  of  which  the 
reactant  gas  consists  of  methane  and  hydrogen  In  the  case  of  B-doped 
films,  diborane  of  appropriate  concentration  was  added  in  reactant  gas 
The  substrates  were  single  crystalline  diamonds  synthesized  under 
high-pressure  and  they  were  cut  and  mirror-polished  The  size  of  the 
substrates  was  2  0x1  5  mm^  in  area  and  0  3  mm  in  thickness.  The 
substrates  were  chemically  etched  by  bichromic  acid  and  cleaned  by 
acetone,  acid  and  water  prior  to  deposition  Growth  condition  was  that 
gas  pressure  was  40  Torr.  micro-wave  power  was  300  W  and  temperature 
of  the  substrates  was  measured  to  be  830  r  by  optical  pyrometry 
Methane  concentration  was  iriamly  6°/o  with  hydrogen  flow  rate  of  100 
seem  after  the  condition  reported  by  Shiomi  et  al  12)  Typical  thickness 
of  epitaxial  layer-  was  0  8  rz  m 

After  doposii'on.  the  samples  were  taken  out  of  the  CVD  apparatus 
and  RHEED  observation  and  X-ray  photoemission  spectroscopy  were 
performed  STM  observation  was  performed  in  air  typically  with  a 
tunneling  current  of  2  nA  and  tip  bias  of  ■^0  1  V 

RESULTS  AND  DISCUSSION 

Epitaxially  grown  surfaces  showed  sharp  RHEED  patterns  of  2x1 
and  1x2  structures  XPS  showed  no  impurities  on  the  surfaces  except 
for  small  amount  of  oxygen 

STM  observation  was  found  to  have  an  atomic  order  resolution  A 
typical  image  of  a  diamond(OOi)  surface  of  undoped  epitaxial  film  is 
shown  in  Fig.  1.  Patterns  of  parallel  rows  can  be  seen  clearly  all  over 
the  image  The  distance  between  the  adjacent  rows  were  found  to  be 
5  0  almost  corresponding  to  twice  that  of  the  surface  unit.  2.52  .\ 
This  image  can  be  explained  by  symmetric  dimer  and  hydrogen 
adsorption 

Figure  2(a)  is  an  image  of  larger  area  As  is  shown  in  Fig  2(b).  the 
Sa  steps  look  straight  and  Sb  steps  look  rather  zig-zag  in  contrast  (Sa 
and  Sb  steps  are  shown  in  Fig.  2(c).  The  notation  of  steps  is  after 
Chadi.[10j  )  The  authors  consider  that  these  indicate  crystal  growth 
through  dimer  row  extension  mainly  from  Sb  steps 


Figure  2 

(a)  STM  image  ol  (3iamon<){00l ).  (b)  Outlines  of  step  edges  in  (a) 
(c)  Sa  and  Sb  steps  of  diamond(Ool)  surface 


For  2x1  structures  of  undoped  epitaxial  surfaces,  the  dimer  atoms 
were  not  resolved.  However,  images  of  better  resolution  were 
successfuly  obtained  for  B-doped  films(70ppm).  as  is  shown  in  Fig  3 
Carbon  atoms  which  form  dimers  can  be  observed  separately  In  the 
upper  right  part  of  the  figure,  strong  contrast  (probably  corresponding 
to  dangling  bond)  can  be  seen.  The  authors  consider  that  the  defect 
affects  the  electronic  states  of  dimers  and  resulted  in  the  resolution  of 
dimer  atoms  It  is  not  clear  that  the  defect  has  any  relation  to  B-doping 
or  not  The  distance  between  dimer  atoms  was  measured  to  be  1  5A. 

which  is  one  of  the  shortest  interatomic  distance  ever  identified  by 
STM 


Figure  5 

STM  images  ol  diamon(l(001)  grown  by  micro-wave  plasma 
assisted  CVD.  The  results  tor  undoped  (a)  and  B-doped 
films  (b-e)  grown  with  mehane  concentration  ot  6%.  B 
concentration  was  (b)  3ppm,  (c)  20ppm.  (d)  70ppm  and 
(e)350ppm. 
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As  the  dimer  row  extension  plays  important  role  in  the  growth  of 
d  iamo n d (00 1  ) ,  the  morphology  of  the  grown  surface  is  probably 
affected  by  the  absence  of  dimers.  The  authors  observed  larger  areas 
in  order  to  estimate  micro-morphology  of  epitaxial  films  The 
topography  in  the  area  of  1000  A  square  for  grown  surface  of  undoped 
epitaxial  film  with  6%  of  methane  concentration  is  shown  in  Fig. 5(a) 
The  mounds  with  some  hundreds  A  in  area  and  50-1  00  A  in  height  are 
seen.  Such  mounds  are  too  small  for  SEM  or  OM  observation  The 
outline  of  the  mounds  were  apparently  along  the  (110),  or  dimer  row 
direction . 

Figures  5(b)  to  5(d)  show  the  STM  images  of  1  000A  square  for  B- 
doped  films,  3,  20.  70,  350  ppm  respectively.  It  is  clearly  seen  from  the 
figures  that  the  doping  of  B  to  the  films  has  very  strong  effect  on  the 
surface  morphology  of  epitaxial  film.  Increasing  B  concentration  makes 
the  surface  flatter.  The  authors  consider  that  the  absence  of  dimers 
reduced  the  correlation  along  the  |110)  direction  and  hindered  the 
mound  f o rmat io n 

The  similar  observation  was  performed  for  the  effects  of  methane 
concentration  during  CVD  growth.  The  results  for  methane 
concentration  of  1,2, 4, 6  and  8  %  are  shown  in  Fig  6(a)  to  6(d)  In 


these  cases,  the  difference  of  surface  reconstruction  was  not  clear  and 
other  mechanisms  should  be  considered. 


Figure  6 

STM  images  of  d  i  a  mo  nd  (0  0 1 )  grown  by  micro-wave  plasma 
assisted  CVD.  The  results  for  undoped  films  grown  with 
methane  concentration  of 

(a)  1%.  (b)  2%,  (c)  4%.  (d)  6%  and  (e)  SVo. 
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COCNCLUSION 

The  atomic  structure  and  micro-morphology  of  diamond(OOI) 
surfaces,  grown  by  micro-wave  plasma  assisted  CVD,  were  observed  by 
STM  The  effect  of  B-doping  was  admitted  to  both  of  them  B-doping 
makes  for  an  absence  of  dimers,  suggesting  the  existence  of  stress  in 
the  epitaxial  film  B  concentration  and  methane  concentration  made  the 
surface  morphology,  observed  by  STM.  change  drastically. 
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ABSTRACT 

Aug('r  spect roscopy  is  used  to  deUTiiiiiu*  the  hoiuliiig  states  of  carbon  in  th<'  interfacial 
region  !>et\veen  silicon  and  PK(A’l)  diamond  lilnis.  Si(’  and  — liyl)ritlized  carbon  are 
obs('rve<l.  We  suggest  a  possiblt'  gr<>\vtli  se<ni<'n<<'  for  <liamond  lilnis  to  account  for  the 
int<'rlacial  layer. 

INTRODUCTION 

Diamond  has  many  attractive  properties,  which  include  th<‘  higliest  hardiu’ss  and  room 
temperature  thermal  conductivity  of  any  material,  an  extremely  low  thermal  exi)ansion 
eoelficient.  an<l  reasonable  ('lectrical  insulating  proper! i<‘s  [ij.  As  a  result  of  th(‘s<*  proper¬ 
ties,  diamond  tilms  hast*  many  pot<‘ntial  applications  as  hard  coatings  and  wear  suriacc's. 
and  in  electronic  (levic<‘s.  (ir<'at  iiit<'r<’st  in  fh<‘s<‘  app)i<'at)ons  has  result<’d  from  develop¬ 
ments  in  low  pressure  diamond  s}nth<*sis  which  haw  allowed  polycrystalline  diamond  films 
to  be  [iroduced  at  liiu'ar  growth  ral<*s  of  tens  to  humlreds  of  tnicrons  per  hour.  Several 
compreheiisiv<‘  reviews  of  the  field  <‘xist  (2.  -1.  Ij. 

Most  electronics  apfilicat ions.  Iu>wev<'r.  require  furtlier  improvements  in  film  qr/ality 
and  smoothiK'SH.  and  in  the  <‘Conomies  of  pro<luction.  Ih'caust'  CVl)  is  commonly  used  in 
silicon  and  other  s(‘iniconduclor  t<‘chnologies.  (*V1)  of  snuioth  diamond  lilms  is  a  focus  of 
current  <drorts  in  tlu'  ti('ld. 

1  he  most  commonly  grown  lilms  ar<*  of  (11 1)  type  and  <lisplay  r<‘lativ('!y  larg(*  faceted 
grains,  thereby  producing  films  of  consid<‘rable  surfact*  roughness  [2.  d.  1.  •')].  Improveil 
properties  will  cl<>arly  requir<*  an  improv<'<l  understaiuling  of  the  nucleation  and  growth 
j)rocesM’s  involved  in  diamond  film  d<‘position.  lielton  and  Schmieg  [6]  have  examine<i 
tlj('  silicon/diamond  inteifa<'e  by  XPS  ami  KKKS.  and  d<'t<'rmimHl  that  the  ih'posit  was 
a  mixture  of  SiC  ami  diamoml.  Williams  ami  (Hass  [7]  have.  lhrt>ugh  TlAl  studies. 
ol)serv(’d  a  oO  A  lay<’r  of  Si(’  at  lli<'  diamoml/silicon  interface.  lijima  [S]  has  ('xamined  the 
growth  of  diamo/id  partic  leson  .subst ratccs  .sc-edt'cl  with  diamond  pcm'dcT.  a  common  ))racticc' 
usc'd  to  improve’  the  diamond  nmic’aiion  clc'iisity.  ami  has  cjcUc'rmined  that  diamoml  grows 
honioepitaxially  on  diaimuid  [larticles  wliich  rc’main  c'lnlx’ddc’d  in  the'  substrate'  following 
t  he  sc’C'diug  prcjcc’ss. 

I  lic'  prc’seiit  study  takes  advatitagc*  of  the*  iiiii<|U<‘  capabilities  of  .Auger  c’Ic’c  tron  spc'c- 
trosco[>y  (Al'.S)  tcj  c’xaiuiue  both  llx*  composition  and  the*  chc'inical  bonding  of  tlic'  intc'r- 
facial  rc’gioti.  It  has  long  bc*en  known  [i)J  that  ilic'  line  strueturc'  of  llu'  Augc'r  spectrum 
of  carhon  providc’s  a  tiiigerprint  for  idc’iil itical ion  of  tlic'  form  of  carbon  deposits  on  a  sur- 
tacev  I  lic’  prc’scni  paper  use’s  this  c-apability  to  c’xamiiic'  both  side's  of  the'  eliamond/silicon 
ititerface*  and  to  suggest  a  growth  sc’epiencc'  for  (A  I)  diamoml  lilms. 

EXPERIMENTAL  PROCEDURE 

I  hree'  sc’ts  of  sainj)les  wc’re  analy/c’d  for  this  papc'r.  I  he'  (iist  set.  re'fc'rre'd  te)  as  samj>l<'  .A, 
was  grown  oti  an  nnsee’de’d  silicon  wafcT  by  plasma  e’uliance'el  e  he'mie  a)  vapor  de’]H»sil  ion  in  a 
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2. 15  (illz  mi(  i()\vav<*  r('a.(ior  with  ().5’X  carbon  b<*aring  gases  in  hydrogen,  and  a  snl)strat<* 
teniperat me  of  755®  The  second  set.  r<‘ferr<*<l  to  as  sample  H.  was  grown  on  a  silicon 
wafer  whicli  had  been  al)rade<l  witli  diamond  grit  nnd<*r  conditions  idt'ntical  to  those  ust‘d 
for  sam|)le  .\.  I  h('  third,  referre<i  to  as  sample  (’,  was  grow'n  on  a  st'eded  Si  waftT  uinler 
similar  conditions  to  the  previous  samples  except  with  approximately  3^/(  carbon  b(‘aring 
gasf's. 

All  three  samples  were  fractured  nt  situ  in  a  Perkin  KImer  PHI  (iGO  Auger  microscope, 
with  an  operatirjg  [)ressur(‘  of  approximately  2  x  I0“'‘  torr.  I  he  fracture  was  accom|)lished 
by  mounting  a  thin  slice  of  the  sample  perpen<iicular  to  the  surface  of  a  specially  grooved 
sample  stage,  scribing  the  backside  of  the  sample  at  a  desired  fracture  location,  and  in¬ 
serting  it  into  th(*  microscope  cliamber  wliere  it  was  broken  by  the  installed  PHI  fracture 
attachment . 

Auger  spectra  were  collected  from  locations  on  the*  exposc'd  fracture  surface's  am)  from 
refrrc'iice'  sample's  of  pure  Si('.  j)nr<‘  natural  diamonel.  pnic*  graphite',  ami  sfjul te’re’el  amor¬ 
phous  carbon.  Dilfe'rence's  in  bonding  stale*  are*  most  e  learly  observable*  in  the  de-rivative 
(d.\(K)/dK)  spectra,  and  are  iliustralc'd  in  l  ig.  1.  !  Im  PHIMAI  I.AH  software  patkage 
was  list'd  to  perform  a  linear  U'ast  sepiare's  lit  of  th<‘  r«'f<’re‘ne<‘ spec  tra  to  the  sample  data. 
VVe  fit  to  .\(  K)  rat li('r  than  d.N(K)/dK)  in  order  to  avoid  loss  of  information  due  to  ililferen- 
tiation.  Due  to  diirere'iues  in  .AugeT  yields  from  dilferent  bomling  orbitals,  this  technique 
is  otdy  s('mi-<|uantitative. 

Otlu'r  authors  [t)]  have'  obst'rved  a  split  pe'ak  near  250  v\'  in  diamond,  rather  than  the 
broad,  flat  pe'ak  shown  in  I'ig.  I.  We  attribute'  the  dilTerence'  to  damage'  induce’d  by  the' 
electron  Ix'am  eluring  our  relatively  prolonge'd  data  eolle'e  tion. 

(iiapliiie'  and  amorphous  carbon  proebue'  tlie  h'ast  elistineiive'  .Auge'r  line'shape's  of  the 
four  standarel  materials,  as  the*  •‘sliouiele'r"  elm*  to  the*  Kb/1,//  transition  obse'ive'd  ne'ar 
255  e\'  be'comes  le'ss  distinct  with  de'cre'asing  grapliitie-  eharae  ter.  for  that  rea.son.  the 
te’rms  — hvliridize'd  earbon*'  and  'VarlxMi*  are*  use'el  In'ie'  to  dese  rilx'  mate'rials  having 
an  AiigeT  line’shape  with  su!)stantial  graphitic  eharae  ter.  as  me'asnred  by  I  he'  lit  1  ing  routine*. 

Following  .Auge'r  analysis,  all  three’  samples  we-re*  ('xainim'd  by  SI.M  to  de'lermine’  the 
mor()liology  of  the  fracture’  surface*. 

In  aeielit iein,  to  ele'te'rmine  t lie  like'hhoexl  of  Si( '  fe)rmat ion  at  an  e*xisl  ing  silicon/ diamond 
inte'rface  umle’r  growth  conditions,  siliceui  pow<le*r  was  iiiixe*d  witli  natural  dianumd  tiowder 
anti  re’acted  in  argon  at  75(P  <’  for  four  hours.  Ihe*  resnlling  mixture  was  arialyzenl  by 
x-ray  eliffract ion  (XHD). 

RESULTS 

Sample  A.  grown  e>n  an  unse’e'de*d  silicon  wafe'r  uml<T  the  same’  conditions  as  the'  se'ede'tl 
silicon  wafeT  us<*d  fejr  sam|»le’  H.  was  not  a  ceuiliniions  lilm.  as  I'ig.  2  illustiate's.  SFM 
examinal iexi  showed  a  smooth  surface'  with  small,  isolate’d.  diamomi  grains.  Ihe'  .Vnger 
spectra  taken  from  this  lilm  we’re* dominale'd  hy  SiC.  with  small  amounts  t»f  - hybridize'd 
carbon  (with  a  grapliitie  Auge’r  line'shape)  also  ejbseTVe'd. 

rpe>n  in  silu  fracture  of  sample'  H  in  the  Anger  nii<re»s<'0|X'.  e>verlianging  diamond 
“slu'lves"  ami  nmle'rhanging  silieon  "leelge's'*  we're*  obse'rve'd.  I  lie'se’  fe'ature's  are'  sehemali- 
cally  illustrated  in  1' ig.  5,  and  SKM  micrographs  of  a  she'lf  and  a  le-dge'  appi'ar  in  I'igs.  1 
ami  5,  re'spe’ct ively. 

I'ignre-  1  shows  that  the  nmleiside’s  of  Hn'  ove'rhanging  diamond  shelve-s  are*  grenive'd. 
rile  (lamage  prexlmcd  by  abrading  the  silicon  substrate  is  apparently  re'piie  ate’el  in  the* 
growing  film.  Auge-r  spe'e  tra  taken  from  the'se  surface's  siiowe'd  the*  pn'sc'm  »*  of  Si(  and 
.sp^-hybridize’d  e  arbon  in  approximate’Iy  eepial  amounts. 


iglirc  S:  ScluMiiatic  diagi  ani  of  frai  l  lire 
siirfacc.  sampli's  M  ami 


Figure  h:  Kxposeil  silicun  ledge  in  sample  U. 


I'  igurc  •')  iitdit  ales  that  a  sloping  inlorfacial  n‘gion  is  oxposod  hot  wmi  thf  suhslratr  au<l 
t  h»Mliamun<l  film.  Augrr  spcMira  fora  s<Tios  ol  })oints  in  ami  on  hotli  sidos  of 

th*'  interfacial  n'gion.  l  lu’se  spectra  show  a  progression  from  Si( ’-(hnninated  iiial(*rial.  to  a 
region  containing  primarily  carbon,  to  t he  tliamoml  film.  ().\ygen  was  also  observed  in  the 
Si( '-dominaled  region  (Fig.  b),  but  not  in  the  inU'rfacial  legion,  suggesting  that  the  native 
silicon  oxi(h'  was  still  pr<‘sent  during  the  early  growth  stages.  It  is  worth  noting  here  that 
.\icaIon  fibt'rs  (amorphous  Si(’)  have  b<*<*n  slu>wn  tt)  in<t)rporate  substantial  fractions  of 
oxygen.  Siiut*  hydrog<'n  is  tu)t  det<‘ctabl<‘  by  .AKS.  it  was  not  possible  to  measur<*  hydrogen 
conc<'nt  rat  ion  at  the  interface  or  <‘lsewli<‘re. 

When  the  slu'lvt's  and  ledges  are  considered  as  mating  halves  of  the  fractur('  surface, 
it  apjjears  that  fracture  of  the  interface  left  lra<<*s  of  SiC  and  carbon  on  both  surfaces.  It 
tln'iefort' s('<'ms  likely  that  fracture  occurretl  in  a  t ransit i»»nal  region  iuMweeti  Si(  and  the 
diamond  film. 

The  fracture'  surfaex*  e)f  sample  ('  was  s«nnewhat  <lifb'n'nt  from  that  e>l  sam{>l<’  M.  as 
shown  in  Figs.  7  and  S.  In  sample'  ('.  ne)  <  le'arly  de*line*aie-<i  inte'rfae  ial  re'gioti  was  vis¬ 
ible*  ejn  silieeni  le'dges.  I  Ids  obse'rval ie>n  was  <‘e>nfirme'<l  by  .Xuge’r  spectra,  which  slunvesl 
tfiat  SiC  and  carbon  we*re'  pre'se'ut  in  appre>ximate*ly  e'epial  epiatst it ie's  on  thee'xposed  h'fige. 
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figure*  0:  Auger  spectra  from  e'Xposenl  silicon  le'elge'.  sample  IF 
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I  ifU  (■  atiioiiiils  ul  \v('r<'  alst>  ul>N(‘rv«Ml  on  ilirx-  l<*<li;rs.  nuiuHliim,  llial  soiiif 

111  tli«’  iiati\(‘  SiOj  l<iy«M  was  j>i<‘s<‘iil  on  lln*  snii'ijr^  .  Sportra  fnjin  lh<‘  iiinlorsido  dia 
iMond  sIm'Ivos  ( (Hilaiiicd  <hamon«L  sp^ -  livl>ridi/<'<l  rarlmn.  an<l  Si(  '  in  a|)|»roxiniafrIy  rrjiial 
anuiunts.  Siiuc  1  hr  <‘sra[>r  drplli  for  .\ng<*r  (‘l<Ttroiis  is  only  on  tin-  onh'r  ot  ’i  A  !l()!. 

data  su^^rst  that.  a!llM>n^l)  tin*  transit ioiinl  int<'ifa<<‘  r<'.!*ion  was  "till  pri’st'iii  in  "am 
pU'  ('  and  iiitrifaiial  Iraiturr  ocnirrod  in  tltis  rrgio!i.  saniplt*  ("s  Iraiisition  rr^ion  was 
suhstan!  ially  reduced  relativtMo  sample  IVs. 

It  is  wort  h  not  in t  hat  no  scrat  i  lies  were  visiMe  on  t  he  midersido  o{  diamond  sfielvi’s 
in  Sam[)l('  ('.  suggesting  that  the  r(‘diu<‘d  interfa<'ial  i<’gi<jn  and  the  [.dined  inlerlaiial 
damage  ai<’  r<‘Ial<'d. 

Finally,  t  In-  mixt  me  of  diamond  atnl  sili<*on  piAvdei  was  <‘xainined  l»y  \  K  1)  vvit  h  <  'u  Ko 
radial  ion  hot  h  Ix'lore  and  after  rearl  ion.  I  h<“  dilfrat  I  ion  pattern,  consist  mg  st»le!y  of  peaks 
at t  rihiit  aide  to  silicon  i>r  <liaiuon<l.  was  nnchaiig^xl  !»\  heat  t  teat  iin’iit .  I  fiis  in<li«  at  t  hat 
diamond  is  uidikelv  tt>  he  consume<l  hy  sili<'on  earlknle  formation  iiin  e  diamond  has  formed 
on  a  silicon  siihsfral<*. 


DISCUSSION  AND  CONCLUSIONS 

I  he  Al'.S  ff'siilts  clearly  d<‘monstral('  that  the  honding  st,jte  of  <arhon  i  hangis  liom  Si(’ 
like  to  "/d  — }[yf»ridi/e<(  to  .s/d— hyhridi/ed  (diami>nd)  a<  ross  the  Si/  liaii;  uni  inii  itace.  I  he 
results  also  show  that  oxygen  is  pr<‘"<*iu  n<*ar  tin'  Si  si<l<'  id  the  interhut*  l)ut  not 
tK'ar  th<‘  diamond  sidt*.  Furtlw'r  idlmls  will  foi  us  i)n  the  Si  and  o.xygiui  liiii'shafies  across 
th<‘  interfaci*  in  ord<M  to  i<l<Mitify  tin*  i>xygi*n  lH'arinft  sp<ri<*s  in  the  inteiTa<  iai  n'giiui.  I  hi' 
will  h<‘l(j  us  hi'tter  umleistaml  tlu*  fat<*  i>f  sili<i>n*s  nativi*  iixide  iluring  t  he  ('\  1)  proi  css. 

.S(‘Vi'ral  ( otiefusions  «  afi  }><•  <lra«ff  (vaiti  </ur  r<*.su)t.s.  First,  .silicon  rarldde  is  ohs«'rv(*d  at 
the  <liamond/silici)n  iut<'rfac<*  in  samples  B  ami  <\  and  on  tin*  surfaii*  of  sample  A.  This 
carhide  must  fijrm  either  hy  react  ion  with  <*xposed  Si  pat<hes;  hy  incorpuratii>n  iif  (arhon 
into  t he  SiOj  layer:  hy  diffusion  id  Si  t lirough  t he  oxid<*  layer:  i»r  somt'  i-omhinat ii>ii  of  t  he^e 
processes.  In  any  case,  the  rate  i>f  growth  of  a  lay<*r  .\B  on  a  stihstraW*  .\  is  pruport itmal 
to  l/.r^.  where  ,r  is  the  .\l^  lay«‘r  thickm’ss  and  }H*n<e  (h<*  <ldru.si<;n  li'uglli  of  .\  from  the 
substrate  t h rough  the  growing  iayt'r.  I  Ik*  ililfusiiui  h’tigth  .r  is  in  turn  proport  ional  ti)  I )t. 
wlu’re  D  i.s  the  dijfu.siiui  (oelfii  ient  of  .\  in  AM  ami  /  i>  tiim*  [1  Ip  .so.  as  the  lhiekm'^s  of  tlu* 
Si(  lav<*r  increa.si’s.  tin*  rate  of  Si(’  gri)Wlli  di*creas<*s  and  i*v«'ntua||v  heioim's  tu'gligihle. 
M(  •anwiiilt’.  <'arl)oii  <(ailmiu’s  li»  i»ii  llu*  lilin  surface,  wliellu'r  or  IU)1  Si  is  preseiu 

to  react  witli  it. 

(  on<'urr<’ut  with  the  aifovr*  [>roeess.  (liaiMoml  j»ro\vs  on  ail  tine*'  satnph’s.  In  sain[>le  If 
and  we  j/ole  llial  recent  work  jS)  Im,s  sIiovvii  that  iliaiiioiid  p.iriieles  are  einhedde.l  in 
tlie  surface  of  suh"1ral<’.s  whi<'h  have  l)e<*n  abraded  with  diamond  jHiwiler.  and  that  (’\  1) 
diamond  growth  (x'<  urs  homoepitaxially  oti  lln*s<*  partic  les. 

I  herc'fore.  wi*  Ix’lieve  that  lionux'pitaxia!  diamond  grmvlh  occur"  >imult am*ously  with 
SiC  growth  in  samples  M  and  ('.  As  the  rate*  of  SiC  format imi  dex  teases,  the  growing 
<iiamond  eryslallites  overgrow  the  SiC  and  <arhoiJ  layers,  eveiilually  hnining  a  continuous 
film.  I  his  process  is  schematically  illustrated  in  Fig.  ‘h 

Finally,  we  attribute  the  thin  inleifacial  rc'action  laycT  in  sample  (’  to  the  high  con 
centration  of  carhon  hearing  gases  during  growth  of  this  sainph*.  .Apparen'ly.  for  seeded 
films,  the  growth  rate  of  diamond  is  limited  hy  gas  phase*  lraus|)ort.  !n’nce  tlu*  diamotui 
grows  at  an  accelerated  rat<’  in  this  sample. 

lo  summarize*,  we  have*  stiidic’d  tin*  carhon  honding  stale's  in  the  Si/diamond  intei 
facial  region,  and  have  ohservc'd  Si('  and  -  liyhridi/<*d  carhon.  We  suggc*sl  that  iu'se* 
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form  Minull with  dianMUid  t’txHvth  on  ing  h«u  h‘i.  l  urtlu'r  work  will 

( onf  «'ut raio  (;u  ili(  at it>ii  <*f  ih<‘  >ili<<ni  and  »>xyj*«‘n  •'|)<Tirs  in  the  int<  rla(  ial  r«‘iiion. 
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ABSTRACT 

We  report  an  essentially  complete  characterization  of  energies  and  relaxation  processes 
of  the  lowest  seven  electronic  slates  of  the  N-V  (nitrogen-vacancy)  center  in  diamond  using 
several  different  nonlinettr  laser  spectroscopic  techniques.  We  have  also  applied  ultrafast 
optical  techniques  to  measure  dielectric  properties  of  CVD  and  bulk  diamond  in  the  0.3- 1.6 
THz  range  for  the  first  time. 


INTRODUCTION 

The  N-V  center  with  zero  phonon  absorption  at  637  nm  is  one  of  the  simplest  and 
most  studied  radiation-induced  centers  in  nitrogen-containing  diamond  1 1 ).  It  was  somewhat 
surprising  therefore  that  Manson  ;uid  co-workers  |21  recently  questioned  earlier  assignments 
of  its  electronic  states,  However,  their  viewpoint  was  fully  substantiated  by  subsequent 
work  of  Redman  et  al.  [31,  who  used  a  combination  of  EPR  and  nearly  degenerate  four-wave 
mixing  spectroscopy  to  show  directly  that  the  ground  state  was  a  spin  triplet  rather  than  a 
singlet  as  suggested  earlier  by  Loubser  and  Van  Wyk  |4|.  Here  we  present  new  results  of 
high  resolution  optical  spectroscopy  involving  persistent  hole-burning,  stimulated  photon 
echo  and  two-beam  coupling  observations  which  confirm  and  extend  these  findings. 
Persistent  hole-burning  was  used  to  determine  zero  field  splittings  of  the  ground  and  excited 
triplet  states  due  to  spin-spin  interactions.  Echo  techniques  with  femtosecond  pulses  revealed 
quantum  beats  at  oscillation  frequencies  in  agreement  with  the  hole-burning  results.  These 
short  pulse  experiments  iilso  characterized  fast  relaxation  processes  of  the  center.  Two-beam 
coupling  with  frequency-locked  dye  lasers  was  u.sed  to  elucidate  slow  decay  processes. 

We  have  also  measured  real  ;ind  imaginary  p;ins  of  the  dielectric  tensor  for  diamond  in 
the  Terahertz  (THz)  frequency  regime.  Preliminaiy  results  reported  here  were  obtained  by  a 
precise  ultrashort  pulse  technique  |51  applied  to  bulk  single  crystals  and  free-standing  CVD 
polycrystalline  films.  Broadband  bursts  of  Terahertz  radiation  were  generated  by  ultrashort 
optical  pulses  on  a  low-temperature-grown  GaAs  photoconductive  dipole  antenna,  then 
collimated  and  passed  through  the  material  under  study  to  an  identical  dipole  receiver  gated 
with  variable-delay,  synchronized  pulses  Irom  the  same  laser.  CVD  dianrond  crystallite  sizes 
were  very  much  smaller  than  a  wavelength,  so  these  measurements  furnish  accurate  values  of 
refractive  index  and  loss  tangent  over  a  broad  range  of  millimeter  wavelengths  when  film 
thickness  is  known.  These  values  are  the  same  as  would  be  maisured  for  dielectric  constant 
and  conductivity  in  single  crystal  diamond  films  of  equivalent  density  and  composition. 


EXPERIMENTAL 

Sample  preparation  has  been  described  elsew'here,  in  reference  13),  and  there  it  was 
shown  in  a  direct  manner  that  the  ground  state  of  the  N-V  center  is  a  spin  triplet.  Still  earlier, 
uniaxial  stress  .studies  |6|  showed  that  the  first  parity-allowed  optical  transition  is  between  a 
ground  state  of  A  and  an  orbitally  excited  stale  of  E  symmetry.  Consequently,  with  the 
further  result  from  (3|  that  a  metastable  slate  exists  between  ^A  and  ’E.  the  electronic  energy 
level  .scheme  of  Fig.  1  is  obtained  for  the  center.  All  stales  shown  are  within  the  gap. 
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Figure  1.  Energy  levels  of  the  N-V  center  in  diamond. 

Persistent  Snectral  Hole-Biiming 

Small  .spin  splittings,  such  as  the  one  labelled  A  in  Fig.  1  between  singly  and  doubly 
degenerate  sub-levels  of  a  triplet  orbital  state  (partly  split  in  zero  field  by  spin-spin 
interactions),  can  easily  be  measured  by  electron  paramagnetic  resonance  if  they  occur  in 
ground  states.  More  generally  however,  both  ground  and  excited  state  splittings  can  be 
measured  using  various  forms  of  optical  hole-burning  spectroscopy,  which  records 
transmission  versus  frequency  following  narrowband  laser  excitation.  Here  we  first  present 
persistent  hole-burning  measurements  of  the  splittings  A  and  B  depicted  in  Fig.  1  for  the  N-V 
center.  We  then  compare  them  with  quantum  beat  measurements  and  in  later  sub-sections 
consider  relaxation  dynamics  of  the  center  and  Terahertz  response. 


Figure  2.  Persistent  hole-burning  spectrum  of  the  N-V  center  at  6.^7.87  nm  at  T=6.5  K. 


Optical  pumping  among  the  ground  and  excited  spin  states  of  the  N-V  center  was 
accomplished  at  liquid  helium  temperatutes  with  radiation  from  a  cw  dye  laser  tuned  to  the 
zero  phonon  resonance  at  637  nm.  The  re-distribution  of  population  among  homogeneous 
groups  of  N-V  centers  within  the  broad  absorption  linewidth  (hole-burning)  was  observed  by 
probing  ab.sorption  changes  induced  by  the  pump  laser  on  a  fine  frequency  scale.  In  our 
experiments,  we  observed  both  transient  and  persistent  changes  in  absorption  in  the  detuning 
range  0- 10  GHz.  Below  70  K,  it  was  possible  to  observe  the  spectrum  of  Fig.  2  after  delays 
of  up  to  an  hour  by  tuning  a  weak  probe  beam  through  the  spectral  region  of  the  "bleaching" 
laser.  The  extraordinary  persistence  of  "satellite"  features  seen  in  this  spectrum  was 
previou.sly  unexplained  (7|,  but  all  features  can  now  be  accounted  for  by  a.ssigning  zero  field 
triplet  spin  .splittings  of  A=2.88  GHz  and  B=0.65  GHz.  That  is,  all  holes  appear  at 
frequency  shifts  of  ±  A,  ±  B,  ±(A-B),  ±(A+B).  or  ±(A±  2B),  The  value  for  A  is  in  excellent 
agreement  with  ground  state  EPR  |3,4|,  whereas  B  has  not  been  measured  previously. 
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Ultrafast  Quantum  Beat  Spectrosconv 

A  direct,  all-optical  method  of  verifying  splittings  ir.  die  Uiplet  manifolds  and  of 
measuring  the  values  of  A  and  B  is  to  observe  fluorescence  or  coherence  decay  following 
short  pulse  excitation.  This  method  relies  on  preparation  of  a  coherent  superposition  of  the 
two  ^A  and  the  two  ’E  states,  and  observation  of  interference  between  dipole-allowed 
transitions  in  subsequent  emission  of  the  system.  We  used  cavity-dump^  800  fs  pulses 
from  a  two-jet,  synchronously  mode-locked  DCM  dye  laser  to  excite  the  N-V  center  at  637 
nm.  Two  counter-propagating  pump  pulses  mixed  with  a  weak  probe  pulse  within  the 
sample  to  generate  an  accumulated  3-pulse  echo  propagating  opposite  to  the  probe  and 
exhibiting  the  dependence  on  delay  shown  in  Fig.  3. 


Delay  (ns) 


Figure  3.  Three-pulse  stimulated  echo  signal  versus  probe  delay  for  A=637  nm  at  T=6.5  K. 

The  observed  oscillations  for  co-polarized  beams  occurred  at  a  frequency  of  2.2  GHz 
as  determined  by  FFT  analysis.  This  frequency  is  in  excellent  agreement  with  the  difference 
frequency  A-B  of  the  two  spin-allowed  transitions  between  the  ground  and  excited  state 
manifolds  expected  from  persistent  hole-burning  results.  Here  however,  state  splittings  art 
implicated  directly,  without  appeal  to  complex  optical  puiuping  and  storage  processes  due  to 
the  ultrafast  excitation  mechanism.  Interestingly,  signals  are  also  observed  for 
cross-polarized  forward  pump  and  probe  beams.  These  signals  presumably  originate  from 
higher-order  coherence  among  the  sub-levels  of  each  manifold.  The  temporal  decay  of  the 
quantum  beat  envelope  yields  the  dephasing  time  of  the  state  directly.  At  6.5  K  this 
amounts  to  a  few  nanoseconds.  The  population  decay  time,  obtained  in  separate 
measurements  with  delayed  backward  pump  pulses,  is  13.3  ns.  These  are  the  fast  relaxation 
processes  of  the  N-V  center. 


Slow  decay  processes  are  ordinarily  measured  by  fluorescence  or  phosphorescence  decay 
experiments.  However,  if  the  decay  is  non-radiative  or  the  wavelength  of  emission  is 
unknown,  frequency-domain  techniques  like  four-wave  mixing  or  two-beam  coupling  can  be 
very  useful. 


In  Fig.  4  the  gain  spectrum  for  a  probe  wave  passing  through  a  bulk  single  crystal  of 
diamond  containing  N-V  centers  illuminated  by  a  strong  pump  wave  is  shown.  The  two 
beams  cross  at  a  small  angle  in  the  sample,  and  spectral  variations  in  the  energy  transfer 
between  the  two  beams  are  well-known  to  depend  sensitively  on  decay  times  of  internal 
population  dynamics  of  the  center  under  study  (8).  Since  the  basic  relaxation  processes 
within  the  N-V  center  have  been  described  previously  131,  we  can  compare  the  results  of 
two-beam  coupling  quantitatively  with  earlier  work. 
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We  find  that  two  exponential  decay  processes  are  required  to  describe  the  observations  in 
Fig.  4.  The  two-beam  coupling  spectrum  itself  is  therefore  a  superposition  of  in-phase  and 
out-of-phase  components  of  two  contributions  from  disdnct  dynamical  processes.  The  fitting 
parameters  consist  of  the  corresponding  relaxation  times  t]  and  t2,  and  real  and  imaginary 
parts  of  the  nonlinear  refractive  index  02.  The  solid  curve  in  the  figure  is  a  least  squares  fit  to 
room  temperature  data  with  t,  =  50±  2  ms,  t2=  0.64±  .0 1  ms,  and  n2"/n2'=  - 1 .0 1  ±  .04  .  For 
comparison  with  earlier  determinations  by  four-wave  mixing  (NDFWM),  two-beam  coupling 
was  also  performed  at  77  K  with  the  result  that  t,=  92±30  ms,  t2=  l.l±.l  ms,  and  and 
n"/n2'=  -0.9± .  1 .  Excellent  agreement  is  obtained  for  t2  when  compared  to  the  precise 
NDFWM  determination  t2=l .  170±  .003  ms,  whereas  t,is  somewhat  shorter  than  the 
NDFWM  value  265. 3i  .6  ms.  However  t,  from  beam  coupling  does  approach  the  NDFWM 
value  as  intensity  and  chopping  duty  cycle  are  reduced.  This  indicates  that  the  qualitative 
description  of  the  diamond  beam  coupling  spectrum  is  excellent  and  the  quantitative 
comparison  with  earlier  results  satisfactory.  On  this  basis  the  two  components  t,  and  12  in 
the  beam  coupling  spectrum  may  be  identified  as  arising  from  intersystem  crossing  ('A-> 
^A)  and  spin-lattice  relaxation  (^A(b)->  ^A(a))  respectively. 
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Figure  4.  Two-beam  coupling  signal  versus  pump-probe  detuning.  The  solid  line  is  a  least 
squares  regression  based  on  two-component  nonlinear  response. 


Terahertz  spectroscopy 

Single  cycles  of  Terahertz  radiation  of  approximately  600  fs  duration  were  generated 
by  100  fs  optical  pulses  incident  on  photoconductive  antenna  structures  integrated  on  GaAs 
wafers.  Collimation  was  accomplished  using  a  hyper-hemispherical  Silicon  lens  constructed 
of  high  resistivity  material.  Detection  relied  on  a  similar  arrangement  in  which  the  receiver 
voltage  was  sampled  with  100  femtosecond  timing  accuracy  using  optical  pulses  derived 
from  the  same  laser.  In  Fig.  5  the  real  and  imaginaiy  parts  of  the  dielectric  constant 
determined  in  this  way  are  presented  for  two  nominally  undoped,  free-standing  diamond 
films  of  area  1  cm^  and  thicknesses  20  and  60  pm  grown  by  filament-assisted  chemical  vapor 
deposition  (FACVD). 

When  losses  are  dominated  by  free  carrier  absorption,  the  variations  in  the  imaginary 
index  reflect  changes  in  the  bulk  conductivity  versus  frequency.  Thus,  given  accurate 
determinations  of  film  thickness,  data  such  as  that  in  the  lower  curve  of  Fig.  5(b)  provide  an 
elegant  method  for  characterization  of  millimeter  wave  conductivity  over  a  very  wide  band. 
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Figure  5.  (a)  Detected  Terahertz  pulsed  field  strengths  versus  time,  with  and  without  a 
free-standing  FACVD  diamond  film  t estimated  20  pm  thickness)  placed  between  transmitter 
and  receiver,  (b)  Refractive  index  and  conductivity  of  the  diamond  film  derived  by 
preliminary  analysis  of  pulse  envelope  modulation  and  phase  delay. 


The  rapid  rise  in  the  real  index  toward  lower  frequencies  evident  in  Fig.5  is 
incompletely  understood  at  this  time,  but  is  probably  due  to  low  frequency  electromagnetic 
resonances  associated  with  dangling  bond  and  impurity  spin  excitations.  Systematic 
measurements  are  in  progress  to  correlate  these  parameters  with  film  morphology,  doping 
and  growth  conditions  as  well  as  to  make  direct,  quantitative  comparisons  with  bulk  single 
crystals. 


SUMMARY 

Determinations  of  the  electronic  structure  and  dynamics  of  the  lowest  seven  states  of 
the  N-V  center  in  diamond  constitute  the  main  results  of  this  work.  We  have  made  high 
resolution  observations  of  the  splitting  of  doubly  degenerate  and  singly  degenerate  spin  states 
associated  with  the  orbital  singlet  ground  slate  and  the  lower  component  of  the  orbital  doublet 
excited  state,  in  zero  field.  Results  obtained  by  persistent  hole-burning  agree  well  with  those 
from  quantum  beat  spectroscopy.  Evidence  (3|  for  the  existence  and  relaxation  rate  of  a 
postulated  intermediate  ’A  state  has  not  been  discussed  here,  but  completes  our  picture  of 
lowest-lying  energy  states  of  the  center. 

Fast  population  decay,  optical  dephasing  and  slow  dynamics  due  to  intersystem 
crossing  and  spin-lattice  relaxation  have  also  been  studied.  The  decay  constants  associated 
with  each  state  were  determined  accurately  with  a  combination  of  photon  echo  and  beam 
coupling  techniques.  Overall,  our  measurements  constitute  a  rather  complete  picture  of  the 
electronic  structure  and  fundamental  relaxation  processes  of  the  N-V  center.  Finally  we  have 
presented  preliminary  measurements  of  dielectric  properties  of  CVD  diamond  at  Terahertz 
frequencies  using  all-optical  techniques  easily  extendable  to  other  widegap  semiconductor 
thin  films. 
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ABSTRACT 

We  have  studied  the  electrical  properties  of  boron  doped  composite  films  that  consist 
of  diamond  and  amorphous  carbon.  These  films  were  deposited  by  hot  filament  chemical 
vapor  deposition  at  a  relatively  high  carbon/hydrogen  ratio.  The  mixture  of  trimethyl  borate 
vapor,  and  methane  served  as  a  source  gas.  The  composite  films  had  much  smoother 
surfaces  than  polycrystalline  diamond  films. 

The  surface  morphology  and  average  roughness  were  determined  by  scanning 
electron  microscopy  (SEM)  and  atomic  force  microscopy  (AFM).  Raman  spectroscopy  and 
x-ray  diffraction  were  used  to  analyze  the  structure  of  the  films. 

A  composite  film  grown  with  4%  methane  in  hydrogen  had  a  higher  resistivity  than 
a  well  faceted  diamond  film  grown  at  0.5%  methane.  In  contrast  to  hydrogenated 
amorphous  carbon  films  which  have  a  lower  resistivity  after  thermal  annealing,  the 
resistivities  of  composite  films  increased  by  a  factor  of  two  to  ten  after  3  hours  annealing  at 
600°C. 


INTRODUCTION 

Tk  lesistivity  of  diamond  and  an  amorphous  sp  2  material  are  fundamentally 
different  because  the  electrical  conduction  mechanism  of  a  crystalline  semiconductor  is  not 
the  same  as  that  of  an  amorphous  semiconductor.  An  undoped  polycrystalline  diamond  film 
usually  has  a  resistivity  >  10  ®  ohm-cm  [1,2].  However,  as  the  quality  of  diarnond  is 
degraded  with  a  small  amount  of  sp2  structure,  the  resistivity  becomes  less  than  10  * 
ohm-cm.  On  the  other  hand,  the  resistivity  of  amorphous  carbon  films  can  vary  from 
10  -3  to  10  ohm-cm  [3,4],  depending  on  the  hydrogen  concentration  and  carbon  bonding 
structures. 

The  purpose  of  this  work  is  to  systematically  study  the  electrical  properties  ot 
carbon  films  as  a  function  of  carbon  sp2  /sp*  ratio  and  boron  doping  level. 


EXPERIMENTAL 

Semiconducting  films  made  of  diamond  and  amorphous  carbon  were  grown  in  a  hot 
filament  assisted  chemical  vapor  deposition  chamber.  The  deposition  conditions  were 
chosen  at  a  typical  setting  for  good  diamond  growth  and  the  parameters  are  listed  in 

Table  1.  ■ 

The  only  two  variables  are  carbon/hydrogen  ratio  and  boron  concentration.  The 
growth  rate  as  indicated  in  the  Table  1  is  relatively  low.  That  is  because  a  large  distance 
between  hot  filament  and  substrate  was  used  in  order  to  get  uniform  films  over  a  large  area. 
Trimethyl  borate  (TMB)  was  used  as  doping  source.  The  tungsten  filament  was  carbunzed 
prior  to  film  growth  and  during  deposition  the  temperature  was  kept  at  the  relatively  low 
temperature  of  2000°C  in  order  to  minimize  metal  contamination.  Three  series  of  eleven 
samples  were  prepared  for  this  study  and  they  are  shown  in  Table  11. 

The  surface  morphology  and  average  roughness  were  determined  by  scanning 
electron  and  atomic  force  microscopy.  The  structures  of  the  film  were  qualitatively  studied 
by  Raman  spectroscopy  and  x-ray  diffractometry. 

Since  our  substrates  were  highly  doped  silicon,  10-20  ohm-cm,  free  standing  films 
were  made  by  etching  off  the  substrate  prior  to  the  resistivity  measurement.  Resistances 
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were  measured  by  four  point  probe  from  room  temperature  up  to  700°C  using  a  Keithly  224 
current  source  and  a  617  electrometer.  In  addition,  W,  Al,  and  Ti  point  probes  were  used 
for  studying  the  metal  contacts. 


Table  I.  Experimental  parameters. 


Tungsten  filament  temperature 
Heater  temperature 
Estimated  substrate  surface  temp. 
Substrate  -  filament  distance 
Gas  flow  rate 

CH4  +  TMB* 

H2 

Total  gas  flow  rite 
Total  gas  pressure 
Deposition  time 
Growth  rate 


2000°C 

800°C 

850°C  -  900°C 
10  mm 

0.5  -  4.0  seem 
99.5  -  96.0  seem 
100  seem 

20  torr  (26.7  mbar) 

20  hours 

0.15  -  0.4  iim/h 


*  TMB  =  triraethyl  borate 


Table  II.  Sample  notation,  room  temperature 
resistivity,  growth  rate,  and  average  surface  roughness. 


CARBON/HYDROGEN  RATIO 
0.5%  1.0%  2.0% 

4.0% 

SERIES  U 

UNDOPED 

Resistivity 

(ohm-cm) 

U(0.5) 

4 . 6xl0'* 

U(2.0) 

1.5x10'* 

U(4.0) 

1.2X10® 

SERIES  L 

LIGHTLY  DOPED 

L(0. 5) 

L(l.O) 

L(2.0) 

L(4.0) 

Resistivity 

510 

44 

40 

7.9X10® 

SERIES  H 

HEAVILY  DOPED 

H(0.5) 

H(l.O) 

H(2.0) 

H(4.0) 

Resistivity 

60 

7.0 

5.6 

450 

Growth  Rate 
(Aim/h) 

0,15 

0.25 

0.40 

0.30 

RMS  Roughness 
(nm) 

182 

113 

104 

13 

RESULTS  AND  DISCUSSION 
Surface  morphology  and  structures 


Fig.  1  shows  the  effect  of  the  methane  concentration  change  on  the  surface 
morphology.  The  root  mean  square  roughness  measured  by  AFM  is  listed  in  the  bottom  of 
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Table  11.  This  data  shows  that  the  roughness  of  diamond  films  can  be  reduced  by  more  than 
an  order  of  magnitude  with  the  addition  of  an  sp^  phase.  The  growth  rates  are  0. 15,  0.25, 
0.4,  and  0.3  /im/h  for  gas  combinations  of  0.5%,  1%,  2%,  and  4%  methane  in  hydrogen, 
respectively.  The  reduced  growth  rate  at  4%  methane  is  possibly  due  to  significant  amount 
of  carbon  precipitating  on  the  filament  during  growth.  The  addition  of  the  TMB  vapor  for 
doping  in  the  source  gas  neither  changed  the  growth  rate  nor  the  surface  morphology. 

The  corresponding  Raman  spectra  for  different  carbon  concentrations  are  shown  in 
Fig.  2.  It  indicates  that  the  higher  the  carbon  concentration,  the  broader  and  weaker  the 
Raman  diamond  peak.  For  the  film  grown  at  4%  methane,  the  sp  ^  peaks  are  the 
dominated  features,  and  the  diamond  signal  is  too  weak  to  be  identified.  Based  on  these 
Raman  spectra,  we  conclude  that  the  sp  ^  /sp  ^  ratio  of  the  films  increased  with  a  rising 
methane  concentration. 


Fig.  1  The  surface  morphology  of  diamond  films  with  methane  concentrations  of  (a)4%, 
(b)2%,  (c)l  %,  and  (d)  0.5%.  All  SEM  micrographs  were  taken  at  same  magnification. 


Fig.  2  Raman  spectra  of  diamond  films  with  methane  concentrations  of  (a)4%,  (b)2%, 
(c)l%,  (d)0.5%. 
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X-ray  diffraction  spectra  of  samples  L(0.5)  and  L(4.0)  are  shown  in  Fig.  3.  The 
broad  small  peaks  of  sample  L(4.0)  are  from  diamond  (111)  and  (220).  This  indicates  that 
small-grain  diamond  is  in  this  film  even  though  it  is  not  identified  in  the  Raman  spectrum. 
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Fig.  3  X-ray  diffraction  patterns  of  sample  L(0.5)  and  L(4.0). 


Resistivity 

Surface  contamination  can  be  a  serious  problem  for  resistivity  measurements  [5]. 
Thus,  a  low  power  oxygen  plasma  was  adopted  for  surface  cleaning.  The  resistances 
measured  before  and  after  cleaning  process  were  the  same  for  all  eleven  samples. 
However,  on  some  of  our  older  samples,  the  plasma  cleaning  changed  the  resistance 
reading  by  as  much  as  three  orders  of  magnitude. 

The  room  temperature  resistivity  results  in  Table  II  show  that  a  small  sp  2 
concentration  in  a  diamond  film  will  decrease  the  resistivity  while  a  large  sp  2 
concentration  will  increase  it. 

Heating  can  significantly  influence  electrical  properties  of  the  films.  Some  groups 
[6,7]  reported  that  the  existence  of  hydrogen  in  diamond  films  may  lower  the  resistivity. 
They  found  that  after  annealing  at  a  temperature  as  low  as  4CX)''C,  the  resistivity  increased 
by  a  few  orders  of  magnitude.  Therefore,  we  studied  the  annealing  effect.  However,  after 
3  hours  annealing  at  6()0‘’C,  our  results  for  all  series  showed  the  resistivity  only  increased 
by  a  factor  of  two  to  ten.  The  films  with  the  largest  amount  of  sp2  component  increased 
the  most  in  resistivity.  Thus,  in  contrast  to  hydrogenated  amorphous  carbon,  our 
amorphous  carbon  dominated  film  had  a  higher  resistivity  after  annealing.  Fig.  4  shows  the 
resistivity  as  a  function  of  inverse  temperature.  The  activation  energies  decreased  with 
increasing  boron  concentration  in  agreement  with  other  work  [8]. 

We  plan  to  do  further  work  to  understand  why  the  films  with  the  largest  sp2 
components  have  the  highest  resistivity  and  largest  increase  of  resistivity  upon  heating. 
Perhaps  the  sp2  contains  very  little  hydrogen  and  is  therefore  very  different  hydrogenat^ 
amorphous  carbon.  We  are  planning  to  work  on  the  distribution  and  electrical  percolation 
of  the  sp  2  and  sp  3  phases  as  a  function  of  temperature. 

Since  there  is  no  natural  solid  oxide  compound  for  carbon,  the  composite  film  with  a 
high  resistivity  could  be  used  as  a  passivation  layer  for  the  application  of  diamond  electronic 
devices. 

Metal  contacts 

Fig.  5(a)  shows  a  typical  rectifying  current-voltage  characteristic  of  a  Ti  contact  on 
undoped  polycrystalline  diamond  film.  For  all  the  boron  doped  samples,  Al,  Ti,and  W 
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contacts  showed  ohmic  characteristics  and  a  typical  result  is  shown  in  Fig  5(b).  Besides  the 
effect  of  doping,  small  amount  of  amorphous  component  on  the  surface  also  can  enhance 
the  ohmic  contact  [9,10].  However,  our  film  with  the  greatest  sp2  content  showed  a 
nonlinear  I-V  characteristic  when  a  large  voltage  range  was  used,  (see  Fig  5(c)) 


05  1,0  1  5  2  0  2.6  30  35  4.0 


1000/T  (1/K) 


0  5  1  0  1  5  2.0  2  5  3.0  3.6  4,0 


1000/T  (1/K) 


05  10  '5  20  1  5  30  35  *0 

1000/T  (1/K) 


Fig.  4  Resistivity  vs. 
reciprocal  temperature. 
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Fig.  5  (a)  1-V  characteristic  of 
rectifying  contact. (Ti  on  diamond) 

(b)  A  typical  ohmic  I-V  characteristic 
of  a  doped  film,  (c)  Non-linear  I-V 
characteristic  of  amorphous  carbon  film. 
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SUMMARY 

Three  series  of  diamond  films  with  different  boron  doping  level  and  carbon 
sp  2/sp  3  ratio  have  been  studied  by  means  of  electrical  resistivity  and  metal  contacts.  It  is 
shown  that  the  electrical  resistivity  of  diamond  films  can  be  strongly  affected  by  non¬ 
diamond  components.  In  a  high  purity  diamond  film,  small  amount  of  sp2  carbon  can 
reduce  its  resistivity.  However,  when  the  amorphous  carbon  is  the  dominant  component  in 
the  film,  the  resistivity  increases  drastically,  and  the  increase  of  resistance  caused  by 
annealing  is  the  greatest. 

This  composite  carbon  film  with  a  high  electrical  resistivity  can  be  utilized  a 
passivation  layer  for  diamond  thin  film  devices  since  there  is  no  natural  solid  oxide  for 
carbon. 
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ABSTRACT 

Raman  scattering  and  photoluminescence  spectroscopies  have  been  used  to  characterize 
polycrystalline  diamond  films  deposited  on  molybdenum  substrates  by  laminar  and  turbulent 
premixed  oxygen-acetylene  flames  in  air.  Samples  deposited  under  laminar  flame  conditions 
are  characterized  oy  a  high  degree  of  incorporation  of  nitrogen-vacancy  complexes.  However, 
samples  deposited  with  a  turbulent  flame  show  a  significant  ucciease  in  the  concentration  of 
these  defects  and  a  reduction  of  the  amorphous  carbon  film  component. 


INTRODUCTION 

One  of  the  most  challenging  problems  in  diamond  film  research  has  been  the  growth  of 
high  quality,  monocrystalline  films  on  a  heterogeneous  substrate.  Solution  of  the  problem  re¬ 
quires  an  improved  understanding  of  the  nucleation  and  growth  mechanism,  which  in  turn  may 
depend  on  the  details  of  the  deposition  technique. 

Combustion  assisted  chemical  vapor  deposition  (CACVD)  in  open  atmosphere  has  at¬ 
tracted  the  attention  of  many  research  groups  because  the  instrumental  simplicity  and  high 
growth  rate  (1,2).  One  of  the  basic  problems  with  this  technique,  other  than  the  polycrystal¬ 
linity  of  the  films,  is  the  undesirable  incorporation  of  nitrogen  impurities  during  the  film 
deposition  (3,4).  Recently,  Snail  et  al.  (5)  have  rcponed  the  .synlhetizalion  of  polycrystalline 
films  in  a  turbulent  flame  with  very  low  levels  of  incorporation  of  nitrogen  impurities.  These 
results  are  very  important  since  they  allow  the  possibility  of  the  study  of  in  situ  doping. 

In  this  work  we  report  a  comparative  study  of  polycrystalline  films  deposited  in  molyb¬ 
denum  substrates  using  laminar  and  turbulent  premixed  oxygen-acetylene  flames  in  air.  Low 
and  high  resolution  room  temperature  Raman  scattering  (RS)  experiments  were  used  to 
evaluate  the  film  quality.  Low  temperature  photoluminescence  (PL)  experiments  were  per¬ 
formed  to  monitor  the  incorporation  of  nitrogen  and  nitrogen-vacancy  complexes. 


EXPERIMENTAL  TECHNIQUE 

We  have  examined  free-standing  films  deposited  on  molybdenum  substrates  by 
CACVD,  in  the  laminar  and  turbulent  flame  regimes.  The  film  deposition  was  performed  in 
ambient  air  using  a  commercial  oxygen-acetylene  brazing  torch  with  1.17  mm  and  1 .85  mm 
diameter  orifice  tips  for  laminar  (1)  and  turbulent  (5)  flame  conditions,  respectively .  High 
purity  oxygen  (99.99%)  and  acetylene  (99.6%)  were  used  as  source  ga.ses,  with  the  acetylene 
passing  through  an  activated  charcoal  trap  to  remove  re.sidual  acetone  (6).  For  the  samples  ex 
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amined  in  this  work  the  ratio  (Rf)  of  the  oxygen-acetylene  flow  varied  from  1 .017  to  1 .080. 

The  substrates  were  positioned  in  the  feather  about  1-2  mm  from  the  primary  flame  front,  and 
adjusted  so  as  to  maintain  a  surface  temperature  ~  900“C.  The  substrate  temperature  was  ad¬ 
justed  by  varying  the  fraction  of  the  length  by  which  a  3/8"  threaded  molybdenum  rod  was  in¬ 
serted  into  a  threaded  hole  in  the  water  cooled  copper  substrate  mount  (2).  The  substrate 
temperature,  during  the  growth,  was  monitored  with  a  two-color  infrared  pyrometer.  The  films 
deposited  under  laminar  flame  conditions  are  nearly  transparent  in  the  center,  degrading  to  a 
gray-brown  color  at  the  edges,  with  crystallite  size  varying  from  sub-micron  to  a  few  microns. 
Similar  morphology  was  observed  in  films  deposited  with  flames  in  the  turbulent  regime,  ex¬ 
cept  for  the  absence  of  the  colored  rings.  An  observed  decrease  of  the  film  growth  rate  under 
turbulent  conditions  by  a  factor  of  two  or  three,  may  be  associated  with  simultaneous  etching 
(-■5) 


The  RS  measurements  were  carried  out  at  room  temperature.  The  5 14.5  nm  and  488.0 
nm  argon  ion  laser  lines  provided  between  10  and  100  mW  of  laser  power  with  the  la.ser  spot 
size  of  approximately  150-200  pm.  The  .scattered  light  was  dispersed  by  a  scanning  double 
grating  spectrometer  with  85  cm  focal  length  and  a  built  in  spatial  filter  to  increase  the  straight 
light  rejection.  T^e  analyzed  scattered  light  was  detected  by  a  GaAs  photomultiplier  tube,  op¬ 
erated  in  a  photon  counting  nuxle. 

The  PL  measurements  were  performed  with  the  '■ample  at  5-6  K,  by  means  of  a  liquid 
and/or  continuous  gas  flow  He  cryostat.  The  sample  temperature  was  monitored  by  a  solid 
state  sensor  located  in  the  copper  sample  holder,  and  its  temperature  was  stabilized  by  a 
temperature  controller  with  sensitivity  of  ±0. 1  K.  We  have  used  the  U  V  and  blue  (35 1 . 1  nm, 
457.9  nm,  476.5  nm  and  488.0  nm)  argon  ion  laser  lines  to  excite  the  defects  ir  our  sample, 
however  we  will  present  only  re.sults  with  the  488.0  nr.  (2.54  eV)  laser  line.  The  light  emitted 
by  the  samples  was  dispersed  and  analyzed  by  the  same  experimental  set-up  as  was  used  for  the 
R,S  experiment. 


RESULTS  AND  DISCUSSION 

The  low  ten.’-erature  PL  spectra  of  two  films  deposited  in  the  laminar  flame  regime  are 
presented  in  Fig.  1.  fhe  spectrum  (a)  is  from  a  sample  grown  with  Rf  =  1.017  and  substrate 
temperature  (Tj)  varying  between  885  and  9I5°C.  The  spectrum  (b)  was  obtain  from  a  sample 
grown  with  Rf  =  1.031  and  Tj  =  890°C.  Both  spectra  are  similar  in  regard  to  the  overall  shape 
of  PL  spectrum  and  the  number  of  obsersed  defect  PL  bands.  Differences  in  the  spectra  in¬ 
clude  the  reduction  of  the  zero  phonon  line  (ZPL)  linewidth  (reduced  by  4  to  5  times),  in  spec¬ 
trum  (b),  and  the  relative  intensity  between  the  Raman  peaks  associated  with  the  diamond  and 
the  amorphous  carbon  (a-C)  content.  The  gradual  increase  in  the  .spectral  intensity  observed  on 
the  high  energy  side  of  both  spectra  are  due  to  laser  Raleigh  scattering.  The  peak  "1”  at  2.465 
eV  is  the  ZPL  of  the  H3  center,  which  may  be  associated  with  a  single  vacancy  (V)  complexing 
with  a  nitrogen  (N)  cluster  (N-N’-N?)  (7).  The  peak  "2"  at  2.375  eV  is  the  first  order  TOA.O 
phonon,  and  the  first  broad  shoulder  on  its  low  energy  side  is  the  phonon  associated  with  the  a- 
C  film  content.  Two  other  features,  clearly  observed  in  spectrum  (b),  are  the  small  peaks  at 
2.282  eV  ("3")  and  2. 156  eV  ("4").  The  first  feature  has  not  been  correlated  with  any  defect 
previously  observed  in  natural  diamond,  and  the  second  feature  is  the  575  nm  center  which  has 
been  tentatively  assigned  to  a  nitrogen-vacancy  complex  (V  N-V?)  (7).  The  most  intense  peak 
("5")  in  the  spectra  is  the  ZPL  at  1.946eV  i6.37  nm  center)  which  has  been  assigned  to  a  single 
nitrogen-vacancy  pair  (N-V)  (7,8), 

Fig.  2  siiows  the  first  order  low  resolution  Raman  spectra  of  the  same  samples  analyzed 
on  Fig.  1.  High  resolution  measurements  (bandpass  -  ±0,25  cm  *),  carried  out  on  these 
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Fig.  1,  Photoluminescence  spectra  obtained  at  6K  from  two  CACVD  films  deposited  in  the 
laminar  flame  regime.  The  peaks  "1,3,  and  4"  are  due  to  nitrogen-vacancy  complexes.  The 
peak  "2''  is  the  first  order  diamond  phonon,  and  the  peak  "3"  is  an  unidentified  center.  The 
spectra  (a)  and  (b)  have  been  offset  in  the  vertical  axis. 


RAMAN  SHIFT  (cm 

Fig.  2.  Low  resolution  rtxim  tempciature  (RT)  Raman  spectra  of  the  two  films  shown  in  Fig.  1 . 
The  phonons  are  represented  as  peak  "2"  in  Fig.  I.  The  spectra  (a)  and  (b)  have  been  offset  in 
the  vertical  axis. 


samples,  yield  a  phonon  peak  position  at  1333.60  cm  '  and  full  width  at  half  maximum 
(FWHM)  of  4.53  cm"'  in  spectrum  (a),  and  1 333.30 cnr'  and  FWHM  =  2.94  cm’*  for  the 
phonon  in  spectrum  (b).  In  Fig.  2,  taking  the  phonon  intensity  as  reference,  we  observe  a  rela¬ 
tive  reduction  of  the  PL  background  and  the  a-C  component  in  this  films. 

The  -35%  reduction  of  the  linewidth  of  the  ZPL  and  first  order  phonon  lines  is  corre¬ 
lated  with  the  decrease  of  the  a-C  component  in  the  films.  This  observation  is  consistent  with 
an  increase  in  the  average  crystallite  size  (9)  which  yields  higher  quality  diamond  as  well  as 
reduced  grain  boundary  regions,  which  are  the  likely  location  of  the  a-C  deposits(lO). 


In  Fig.  3  is  shown  the  first  order  low  resolution  Raman  spectrum  of  a  polycrystalline 
diamond  film  deposited  at  T,  =  900°C  in  a  premixed  (Rf  =  1 .08)  turbulent  oxyacetelene  flame. 
The  extremely  low  PL  background  and  a-C  content  in  this  film  is  noted.  High  resolution 
Raman  measurements  yield  a  phonon  peak  position  at  1333.30  cm’*  and  FWHM  of  3.00  cm’*. 
For  calibration  and  comparison,  we  had  performed  high  resolution  RS  measurement  (bandpass 
~  ±0.25  cm’*)  in  a  natural  type  I  la  diamond  heat  sink.  The  result  is  a  phonon  peak  position  at 
1333.50  cm’*  and  FWHM  of  2.40  cm’*.  The  agreement  (within  experimental  error)  of  the 
phonon  peak  position  for  films  grown  in  the  laminar  and  turbulent  flame  regimes  with  the  type 
Ila  diamond  suggests  that  the  films  are  rather  strain  free  (10).  The  25%  phonon  line  broaden¬ 
ing  ob.served  in  the  FWHM  of  our  films  in  comparison  with  the  type  11a  diamond  seems  to  be 
associated  with  the  polycrystalline  character  of  the  films,  in  which  grain  sizes  vary  from  the 
submicron  level  to  a  few  microns.  It  needs  to  be  emphasized  that  many  crystallites  and  inter- 
grain  regions  are  probed  with  the  relatively  large  laser  spot  size  used  in  the  present  experiment. 
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Fig.  3.  Low  resolution  room  temperature  (RT)  Raman  spectrum  of  an  CACVD  film  deposited 
under  turbulent  flame  condition.  The  phonon  peak  position  is  represented  as  peak  "2"  in  the  PL 
spectra  (Fig.  I.  and  Fig.  4.) 


The  low  temperature  PL  spectrum  of  the  film  analyzed  in  Fig.  3  is  presented  in  Fig.  4, 
This  spectrum  is  quit  different  from  those  .shown  in  Fig.  1,  since  the  dominant  feature  is  the 
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strong  first  order  phonon  peak  at  2.375  eV.  The  defect  ZPLs  and  side  band  phonons  are  ex- 
tremely  weak,  and  can  be  observed  only  with  a  high  gain  scale.  The  continuous  decrease  in  PL 
intensity  from  the  begin  of  the  spectrum  to  2.48  eV  is  due  to  the  la.ser  Raleigh  .scattering.  The 
broad  feature  between  2. 1  and  2.0  eV  is  probably  due  to  the  spectrometer  response.  The  domi¬ 
nant  emission  of  the  637  nm  center  (N-V)  as  observed  in  Fig.  I,  has  been  reduced  to  a  we^ 
band  from  1.95  to  1.70  eV,  in  Fig  4.  The  regularly  spaced  small  peaks  from  1.75  to  1.4  eV  are 
due  to  interference  effects  in  the  film.  It  is  emphasized  that  the  strong  PL  background  domi- 
nated  by  intense  side  band  phonons  generally  observed  in  laminar  flame  deposited  samples,  has 
been  replaced  by  a  weaker,  almost  featureless  background  in  the  sample  deposited  under  tur¬ 
bulent  flame  conditions.  The  weakne.ss  of  the  a-C  component  observed  in  the  low  energy  side 


CONCLUDING  REMARKS 

Low  and  high  resolution  RS  experiments  were  successfully  carried  out  on  polyci^stal- 
line  films  deposited  on  molybdenum  substrates  by  CACVD  to  evaluate  the  maienal  qua  ity. 
Although  good  quality  films  can  be  deposited  with  laminar  flames,  films  deposmed  in  the  tur¬ 
bulent  flame  regime  show  very  low  amorphous  carbon  content  and  very  small  PL  background. 
Low  temperature  PL  measurements  of  films  deposited  under  laminar  flame  conditions  exhibit 
the  presence  of  strong  luminescence  bands  associated  with  nitrogen-vacancy  complexes  proba- 
bly  incorporated  during  the  film  deposition  (3).  PL  experiments  perfoniied  in  samples 
deposited  under  turbulent  flame  conditions  reveal  an  extremely  low  level  of  nitrogen-vacancy 
complexes.  This  result  is  extremely  important  because  low  level  of  intrinsic  impunties  and 
defects  are  basic  requirements  to  achieve  controlled  doping. 
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ABSTRACT 

We  describe  the  applicability  of  oxygen  based  Electron  Cyclotron  Resonance  (ECR) 
etching  of  diamond  for  the  purpose  of  fabricating  electronic  test  structures  and  recessed  gate 
field  effect  transistors.  Boron  doped  homoepitaxial  diamond  films  grown  in  a  microwave 
assisted  CVD  reactor  were  used  for  this  study.  Etch  rates  from  8  nm/min  up  to  0.5 
^<m/min.  were  achieved  depending  on  etch  parameters. 


INTRODUCTION 

Diamond,  when  considered  as  a  semiconductor  material  has  properties  that  make  it 
attractive  for  high  temperature,  high  power  electronics'.  To  date,  processing  techniques  are 
limiting  the  advancement  of  diamond  film  electronic  devices.  Controlled  etching  is  an 
important  processing  step  for  microelectronic  device  fabrication.  However,  the  chemical 
inertness  and  hardness  of  diamond  make  it  difficult  to  remove  surface  layers  in  a  smooth 
damage-free  manner.  Several  techniques  have  been  investigated  for  the  purpose  of  etching 
diamond.  For  example,  ion  beam  etching^  reactive  ion  etching\  and  electron  cyclotron 
resonance  (ECR)  etching  with  -500  Volt  external  bias'*  have  all  produced  uniformly  etched 
structures  in  diamond.  The.se  techniques  involve  ion  energies  in  excess  of  those  where  ion 
bombardment  can  result  in  damage  of  diamond,  which  according  to  Ref.  [5]  can  be  as  low 
as  150  eV,  Chemical  methods  of  etching  diamond  such  as  oxidation  of  CVD  diamond  films 
in  oxygen  containing  ambients''  re.sulted  in  pitting  of  the  diamond  surface.  In  this  work  we 
report  on  the  ECR  etching  of  boron  doped  homoepitaxial  diamond  film,  with  ion  energies 
below  50  eV^^  for  the  purpo.se  of  electronic  applications.  This  method  of  etching  was  used 
to  fabricate  test  structure.s,  and  rece.s.sed  gate  diamond  thin-film  field  effect  transistors'*. 


EXPERIMENTAL 

Boron  doped  homoepitaxial  diamond  films  were  grown  on  natural  type  la  insulating 
diamond  crystals  which  were  cut  and  polished  along  the  ((X)l)  plane.  The  film  was  deposited 
using  a  microwave  plasma  a.ssisted  CVD  apparatus  described  elsewhere'.  The  growth 
parameters  were  as  follows  ;  2.45  GHz,  1.2  kW  microwave  source;  substrate  temperature 
9I0‘’C  (as  measured  by  optical  pyrometer),  and  100  .seem  gas  flow  of  I'T'f  CH^  in  H,  at  80 
Torr  pressure.  Boron  doping  was  achieved  by  introducing  diborane,  BTI,,  into  the  feed  gas. 
The  boron  to  carbon  ratio  in  the  plasma  was  0.8  -  7.5  x  10'*.  The  surface  of  the  diamond 
film  was  chemically  cleaned  in  a  saturated  solution  of  (NH4)2S20s  in  HjSOj  at  200°C  and 
subsequently  rinsed  using  a  1:1  solution  of  11,0,  and  NH4OH  at  70°C"'.  This  cleaning 
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procedure  was  found  to  be  effective  in  removing  the  conductive  layer  which  is  present  on 
the  surface  of  homoepitaxial  diamond  film  without  leaving  as  much  particle  contamination 
as  the  chromic  acid-based  clean  procedure  described  in  Ref.  [11]. 

Sputter  deposited  SiOj  served  as  the  masking  material  for  the  etching  experiments.  The 
oxide  was  sputtered  in  3  millitorr  Ar  for  8  minutes,  with  150  Watts  forward  power  and  no 
substrate  heating.  This  resulted  in  an  oxide  thickness  of  100  nm.  The  SiO,  was  patterned 
with  photolithography  to  produce  a  matrix  of  resistivity  measurement  bridges. 

The  ECR  plasma  system  used  in  these  experiments  is  shown  in  Fig.  1.  The  2.45  GHz 
ASTEX  microwave  source  was  coupled  through  a  tunable  waveguide  to  the  reactor 
chamber.  The  sample  was  mounted  on  an  electrically  isolated  stainless  steel  stage  and 
inserted  into  the  chamber  with  the  sample  surface  perpendicular  to  the  gas  flow.  The 
reactor  chamber  was  evacuated  to  <  10‘*Torr  with  a  514  liter/s  turbomolecular  pump.  The 
reactant  gases  (Oj  with  possible  Ar  dilution)  were  then  bled  into  the  chamber  through 
separate  needle  valves.  The  pre.ssure  of  the  reactant  gas(es)  was  measured  with  a  baratron 
type  pressure  gauge.  In  all  the  experiments  the  microwave  power  was  1000  Watts  and 
typical  run  times  were  10  to  20  minutes.  After  etching  the  Si02  was  stripped  in  hydrofluoric 
acid,  and  etch  depth  was  determined  with  a  profilometer. 


RESULTS  AND  DISCUSSION 


In  the  first  etching  experiment  the  sample  was  in.serted  in  the  center  of  the  ECR  plasma 
region,  16.5  cm  from  the  microwave  window  (see  Fig.  1)  and  the  stage  was  bia.sed  at  -500 
V  with  respect  to  the  chamber  walls.  The  plasma  was  struck  in  0.4  millitorr  of  oxygen.  In 
less  than  5  mins.,  the  sample  and  stage  were  glowing  red  hot  and  the  diamond  was  etched 
at  a  rate  of  approximately  0.5  ^m/min.  These  etch  conditions  were  not  uniform  over  the 
sample  area  and  the  etch  was  excessively  high  for  our  applications.  Subsequent  experiments 
were  all  carried  out  53  cm  downstream  from  the  microwave  window.  (See  Fig.  1)  When  the 
sample  was  positioned  in  this  area,  no  dependence  of  the  etch  rate  on  substrate  bias  was 
observed.  (See  Fig.  2)  When  no  bias  was  applied,  negative  6.4  V  was  measured  on  the 
substrate  during  etching.  As  shown  in  Fig.  2,  the  etch  rate  was  widely  scattered  under 
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identical  experimental  conditions.  In  order  to  eliminate  the  possibility  of  sample  variations 
being  responsible  for  the  observed  scatter,  identical  etching  conditions  were  repeated  many 
times  for  one  particular  sample  (solid  circles.  Fig.  2).  No  explanation  can  be  given  at  this 
time  for  the  irreproducible  etch  rates  with  pure  oxygen  plasmas.  However  if  the  oxygen  is 
diluted  with  2.7  mTorr  of  argon,  then  the  etch  rate  drops  drastically  and  becomes  more 
repeatable,  see  Fig.  3.  As  a  control  experiment  etching  of  a  diamond  film  was  attempted 
with  argon  at  2.7  millitorr  as  the  only  reactant  gas;  no  etching  was  observed. 

Typical  etched  structures  are  shown  in  Figs.  4,5.  Profilometry  measurements  of  the 
etched  areas  indicated  a  surface  roughness  of  less  than  10  nm  which  is  comparable  to  that 
of  the  substrate. 


ECR  etching  is  useful  in  fabricating  FETs  with  boron  doped  CVD  diamond  films’.  It 
may  have  an  advantage  over  the  selective  growth’^  procedure  for  FET  fabrication  in  that 
contamination  of  the  growing  diamond  film  from  the  SiO,  growth  mask  is  avoided.  In  order 
to  demonstrate  the  applicability  of  ECR  plasma  etching  to  diamond  film  electronics,  we 
have  used  it  to  perform  spreading  resistance  measurements.  A  four-terminal  bridge 
structure,  shown  in  the  insert  of  Fig.  6,  was  fabricated  on  the  diamond  film  using  ECR 
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plasma  etching  so  that  accurate  conductivity  measurements  could  be  made.  The  SiOj  etch 
mask  was  stripped  and  the  contact  pads  were  metallized  with  a  gold  /  titanium  bilayer  and 
annealed  to  form  ohmic  contacts  as  described  in  Refs.  [13,14].  The  conductance,  G  =  I/V,,, 
(see  Fig.  6)  mea.sured  as  a  function  of  etch  depth,  is  shown  in  Fig.  6.  After  each  10  min. 
ECR  plasma  exposure,  the  etch  depth  was  measured,  and  was  typically  about  80  nm.  While 
etching  the  first  0.3  nm  of  the  film,  the  conductance  was  linearly  dependent  on  the  etch 
depth,  indicating  that  the  resistivity  of  the  top  0.3  ^m  of  the  diamond  film  was  uniform  in 
resistivity.  The  average  resistivity  in  this  region  was  determined  to  be  1.28  Q«cm  from  a 
least  squares  fit  to  the  first  six  data  points,  shown  in  the  iasert  to  Fig.  6.  Further  etching 
did  not  change  the  conductance  indicating  that  a  highly  resistive  layer,  sitting  on  a  more 
conductive  layer,  had  been  reached.  However,  at  a  depth  of  0.43  /tm  the  conductance 
decreased  further  as  more  diamond  was  removed,  and  was  e.ssentially  zero  at  a  depth  of  0.57 
nm.  The  resistivity  of  the  diamond  film  between  a  depth  of  0.43  |rm  and  0.57  /vm  was  364 
Q«cm. 


Hall  effect  measurement  bridge  test  structures  were  also  formed  during  device 
isolation  etching  so  that  the  mobility  and  carrier  concentration  of  the  film  could  be 
measured.  Figs.  7-9  show  the  dependence  of  resistivity,  activation  energy,  carrier 
concentration,  and  mobility  on  the  boron  to  carbon  ratio  in  the  feed  gas. 


The  recessed-gate  fabrication  sequence  is  shown  in  Fig.  10.  After  device  isolation 
etching,  an  Au  (1.25  micron)/Ti  (50  nm)  bilayer  metallization  was  deposited  on  the  .sample. 
The  source/drain  regions  were  protected  with  photoresist,  and  the  remaining  metallization 
was  etched  with  aqua  regia  followed  by  a  titanium  etch  (1:1:.50  .  HFtHNOjtHiO).  The 
sample  was  annealed  in  Nj  for  15  min.  at  480°C  in  order  to  form  ohmic  contacts.  The 
source/drain  metallization  was  used  to  self  align  the  gate  recess  etch.  The  area  between 
the  source  and  drain  metal  was  exposed  to  the  ECR  etching  conditions  de.scribed  above  .so 
that  the  channel  area  .vas  etched  170  nm  in  thickness.  The  gate  insulator  was  deposited  by 
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Fig.  9  Hole  concentration  and  mobility  vs.  boron  to  carbon  ratio 
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sputtering  100  nm  of  SiO,  with  an  Ar  (50%)  -  O,  (50%)  plasma  at  350°C  at  3.3  mTorr  for 
70  minutes'\  Finally  the  40  nm  gold  gate  contact  was  defined  by  a  lift-off  method.  TTie 
channel  width  and  length  of  the  device  are  30  and  46  micron,  re.spectively.  Further  details 
about  the  performance  of  this  device  are  de.scribed  elsewhere''. 


CONCLUSIONS 

Downstream  oxygen  ECR  plasma  etching  of  boron  doped  homoepitaxial  diamond  films 
has  been  demonstrated.  Etch  rates  from  8  nm/min.  to  0.5  /tm/min.  were  achieved.  Etch 
rate  dependence  on  bias  was  not  observed,  however,  argon  dilution  resulted  in  much  more 
reproducible  etch  rate.s.  TThis  etch  technique  has  been  applied  to  the  processing  of  thin-film 
diamond  electronic  devices''. 
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ABSTRACT 

Tantalum  and  tantalum  silicide  contacts  were  investigated  as  high  temperature 
rectifying  contacts  on  type  IIB  natural  diamond.  Tantalum  and  silicon  were  co¬ 
sputtered  using  DC  and  RF  planar  magnetrons,  respectively.  Current-voltage 
measurements  of  tantalum  silicide  subjected  to  various  anneals  and  of  pure 
tantalum  contacts  were  recorded  at  50°C  intervals  up  to  400°C  which  was  the 
desired  operating  temperature  of  the  rectifying  contact.  Tantalum  contacts  to 
diamond  maintained  good  rectification  up  to  300°C  whereas  amorphous  tantalum 
silicide  operated  well  up  to  400°C. 


INTRODUCTION 

Diamond  has  a  very  high  breakdown  voltage,  thermal  conductivity,  and 
electron  saturation  velocity,  which  will  make  it  very  useful  as  the  active 
semiconducting  medium  for  electronic  devices  operating  in  severe  environments 
(i.e.,  high  temperature,  radiation,  corrosive,  etc.).  In  these  hostile  environments, 
particularly  at  high  temperatures,  the  contact  metal  will  limit  the  usability  of  the 
device.  The  objective  of  this  research  is  to  obtain  a  stable,  high  temperature 
rectifying  contact  that  will  adhere  to  a  highly  polished  diamond  surface.  Silicides 
may  prove  useful  as  contacts  on  diamond  since  they  are  stable  at  high 
temperatures  while  maintaining  the  desirable  electrical  properties  of  metals.  In 
particular,  tantalum  silicide  was  chosen  because  it  has  proved  useful  as  a  high 
temperature  Schottky  contact  to  GaAs  [7,8]  but  has  not  yet  been  investigated  as  a 
contact  to  diamond.  Tantalum  silicide  has  also  been  studied  on  single  crystal, 
polycrystal,  and  amorphous  silicon  [1,3-6|.  Two  different  stoichiometries  of 
tantalum  silicide  {TasSis,  and  TaSi2)  were  investigated. 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  242.  '■  1992  Materials  Research  Society 


152 


EXPERIMENTAL 

To  optimize  deposition  conditions,  tantalum  and  silicon  were  co-sputtered  on  1 
cm  square  polished  alumina  using  DC  and  RF  magnetrons,  respectively. 
Substrates  were  rotated  during  deposition  to  ensure  thorough  mixing  of  the 
components  and  uniform  coverage  on  the  substrates.  Sputtering  was  chosen  due 
to  the  ease  of  contact  fabrication  and  high  degree  of  control  of  alloy  composition. 
Also,  contact  adhesion  was  improved  (compared  to  evaporation  deposition)  due 
to  the  momentum  of  the  tantalum  and  silicon  atoms  as  they  deposited  upon  the 
diamond  surface.  Alumina  was  chosen  initally  as  the  substrate  for  the  materials 
characterizations  due  to  its  high  temperature  stability,  lack  of  silicon,  and 
availability.  The  atomic  ratios  of  these  alloys  must  be  exact  since  the  substrate 
does  not  contribute  silicon  to  make  up  for  any  deficiencies  in  stoichiometry  as  in 
the  case  of  deposition  on  silicon.  Quantitative  energy  dispersive  spectroscopy 
(EDS)  using  a  proza  correction  was  used  to  determine  the  atomic  ratio  of  silicon  to 
tantalum.  Various  samples  were  then  annealed  in  an  argon  ambient  at 
temperatures  ranging  from  450°C  to  1100°C.  X-ray  diffraction  showed  that 
TasSis  was  completely  formed  at  900°C.  Since  TaSiz  is  a  higher  temperature 
phase,  it  was  not  completely  formed  at  the  annealing  conditions  attempted.  X-ray 
diffraction  (XRD)  data  for  other  annealing  conditions  was  not  conclusive  possibly 
due  to  the  formation  of  two  or  more  different  phases. 

Once  the  proper  sputtering  parameters  were  determined,  the  Ta/Si  mixtures 
were  deposited  on  type  IIB  natural  semiconducting  diamond  for  electrical 
characterization.  A  4mmx4mmx0.25mm  sample  of  (100)  diamond  (Drukker 
International)  was  patterned  with  100pm  diode  dots  using  a  standard 
photolithography  process.  Tantalum  and  silicon  were  then  co-sputtered  in  the 
desired  atomic  ratio  to  an  approximate  thickness  of  2000A.  The  final  contact 
pattern  was  obtained  by  lifting  off  the  excess  material.  In  addition,  100pm 
tantalum  contacts  were  DC  magnetron  sputtered  onto  type  IIB  semiconducting 
natural  diamond  for  comparison  to  the  silicide  samples. 

Current-voltage  measurements  were  made  before  and  after  annealing  using  a 
high  temperature  probe  station  with  a  Hewlett-Packard  semiconductor  parameter 
analyzer.  I-V  measurements  were  made  on  each  composition  after  annealing  at 
500°C  and  later  at  900°C  in  200mTorr  of  argon  for  one  hour.  It  was  desirable  that 
tantalum/Silicon  remain  rectifying  at  400^,  thus  a  500°C  anneal  proved  sufficient 
for  stabilization  of  the  contact.  The  higher  temperature  anneal,  900°C,  was  the 
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temperature  needed  to  completely  transform  the  mixture  into  a  siliclde  as 
determined  by  initial  annealing  experiments  of  tantalum/silicon  mixtures  on 
alumina.  Current-voltage  measurements  were  made  from  room  temperature  to 
400°C  at  50°C  intervals  and  then  remeasured  at  room  temperature  to  confirm 
contact  stability. 


RESULTS/DISCUSSION 
TaSis  Contacts 

Figure  la  is  a  plot  of  the  room  temperature  l-V  characteristics  of  the  as- 
deposited  amorphous  TaSi2  contacts  on  type  (IB  natural  diamond.  As  is  evident 
from  this  graph,  at  room  temperature  TaSi2  is  a  very  good  rectifying  contact  with 
less  than  tOpA  reverse  leakage  current  and  no  oreakdown  up  to  100V  which  is 
the  highest  /oltage  that  the  probes  could  deliver.  Current-voltage  measurement, 
were  then  made  at  50°C  intervals  up  to  400°C.  The  contact  remained  rectifying  at 
all  temperatures,  but  the  leakage  current  increased  and  the  breakdown  voltage 
decreased  with  increasing  temperature.  Figure  1b  is  a  plot  of  the  l-V 
characteristics  for  a  100pm  amorphous  TaSi2  contact  measured  at  400°C.  After 
cooling  the  contact  to  room  temperature  the  l-V  characteristics  were  remeasured 
and  the  rectifying  characteristics  had  no*'ceably  degraded  Leakage  current  at 
100V  increased  from  a  few  picoamps  to  600nA.  A  summary  of  the  temperature 
dependence  of  reverse  leakage  current  versus  temperature  is  shown  in  Figure  2. 

After  measuring  the  l-V  data  for  the  as-deposited  TaSi2,  the  sample  was 
annealed  at  500°C  in  an  Ar  ambient  for  one  hour.  Annealing  had  a  detrimental 
effect  on  the  rectifying  characteristics  of  the  contact.  Leakage  current  at  all 
temperatures  was  higher  than  for  the  as-deposited  contact.  The  l-V  characteristics 
of  the  tantalum  disilicide  at  400°C,  interestingly,  are  nearly  identical  to  those  of 
titanium  disilicide  at  the  same  temperature  [5).  The  increase  in  reverse  leakage 
current  from  annealing  is  most  likely  due  to  the  nature  of  the  silieide/diamond 
interface.  For  the  as-deposited  material  there  is  an  abrupt  interface  with  little  or  no 
intermixing  of  the  tantalum  and  silicon  atoms  with  the  diamond  substrate.  As  the 
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Figure  1 .  (a)  Room  temperature  current  -voltage  data  for  TaSi2.  and  (b)  current-voltage 
characteristics  for  TaSi2  at  400°C. 

sample  is  annealed  the  interface  becomes  less  well-defined  which  may  degrade 
the  rectifying  characteristics  of  the  contact.  The  interface  reaction  is  very 
complicated  since  tantalum  can  form  a  carbide  as  well  as  a  silicide.  No  interface 
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Leakage  current  at  lOV 


Temperature  (°C) 

Figure  2.  Leakage  current  versus  temperature  at  10  volts  for  TaSi2  and  TasSis. 

studies  were  carried  out  due  to  the  minimal  availability  of  suitable  substrates  and 
the  difficulty  in  preparing  cross-sectional  specimens. 

Finally,  the  contact  was  annealed  at  900°C  in  an  Ar  ambient  for  one  hour, 
slowly  cooled  to  450^C  and  then  removed  from  the  furnace.  Before  measuring  l-V 
characteristics  the  surface  graphite  was  removed  from  the  sample  since  graphite 
forms  when  diamond  is  heated  above  800°C.  A  boiling,  saturated  solution  of 
Cr03  in  H2SO4  was  used  to  remove  any  surface  graphite  that  could  contribute  to 
leakage  current.  There  was  a  slight  improvement  of  the  rectifying  characteristics 
of  the  contact  after  the  etch.  The  contact  remained  rectifying  after  this  anneal  =>nd 
etching  treatment  although  the  leakage  current  at  10V  was  considerable  up  to 
400"C,  measuring  69pA. 

After  completing  the  high  temperature  anneal,  it  was  very  difficult  to  remove  the 
contact  metallization  from  the  diamond,  A  solution  of  HF,  HNO3,  and  HCI  in  a 
1;1;2  ratio  was  used  to  etch  the  silicide.  However,  even  after  this  etch  a 
translucent  layer  remained.  This  layer  is  believed  to  be  silicon  carbide,  but  no 
analysis  was  performed  If  SiC  is  formed  as  the  annealing  temperature  is 
increased,  then  the  diamond/silicide  interface  becomes  diffuse  as  silicon  and 
carbon  atoms  mix.  This  could  explain  why  rectification  degrades  with  higher 
annealing  temperatures. 
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TasSis  Contacts 


Figure  3.  (a)  Room  temperature  current-voltage  data  for  Ta5Si3.  and  (b)  curent-voltage 
characteristics  for  Ta5Si3  at  400°C. 
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current  at  10V  versus  operating  temperature  is  plotted  in  Figure  2  and  shows  that 
TasSis  is  slightly  inferior  to  TaSi2  in  the  higher  temperature  regime.  Although 
TasSia  had  a  higher  leakage  current  than  TaSi2  at  400°C,  it  was  more  stable 
because  l-V  characteristics  were  unchanged  upon  cooling  to  room  temperature. 
Also,  leakage  current  for  TasSia  levels  out  from  300“C  to  400°C  while  for  TaSi2  it 
is  steadily  increasing.  As  in  the  case  of  TaSi2  contacts,  annealing  degraded  the 
rectifying  characteristics  of  the  TasSis  contacts.  Annealing  at  SOO^C  in  Ar 
ambient  for  one  hour  degraded  the  rectifying  characteristics. 

Tantalum  Contacts 

Pure  tantalum  contacts  were  sputtered  onto  the  type  IIB  diamond  as  described 
earlier.  Tantalum  was  an  excellent  rectifying  contact  to  diamond  up  to  300°C  as 
depicted  in  Figure  4.  However,  upon  heating  the  diamond  to  400°C  the  tantalum 
contacts  ouckled  as  shown  in  Figure  5  and  rectification  was  severely  degraded. 
Figure  6.  The  reverse  leakage  current  at  50V  increased  from  182nA  at  300°C  to 
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Figure  4.  300'’C  current-voltage  characteristics  of  lOOum  tantalum  contact. 
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3.56mA  at  400°C.  This  is  most  probably  due  to  the  large  thermal  expansion 
difference  between  diamond  and  tantalum.  Diamond  is  1.18x10’®  {C°)  '  and 
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tantalum  is  6.5x1  O'®  (C°)  '.  When  silicon  is  added  to  tantalum  the  contact  is 
much  more  stable  at  higher  temperatures  and  buckling  of  the  film  is  not  obsen/ed 
up  to  400°C;  hence,  the  amorphous  silicide  contact  remains  rectifying  at  higher 
temperatures.  Since  the  coefficient  of  thermal  expansion  for  silicon  is  closer  to 
diamond,  3.0x1 0'®(C°)-\  it  is  likely  that  the  silicon  dispersed  throughout  the 
tantalum  prevents  sufficient  stress  from  building  at  the  diamond/contact  interface 
for  separation  to  occur. 


CONCLUSIONS 

Tantalum  and  tantalum  silicide  contacts  have  been  deposited  on  type  MB 
natural  semiconducting  diamond.  Amorphous  TaSi2  and  TasSia  remain 
rectifying  up  to  400°C.  However,  TasSis  is  more  stable  than  TaSi2  after  cycling 
through  a  high  temperature  measurement.  Annealing  of  the  silicide  contacts 
increases  the  reverse  leakage  current  due  to  the  tantalum,  silicon,  carbon 
interdiffusion  and  interface  reactions.  Tantalum  retains  excellent  rectifying 
characteristics  up  to  300°C,  but  functions  poorly  at  higher  temperatures  due  to 
adhesion  problems. 
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Abstract: 

Schottky  diodes  were  fabricated  from  boron  doped  diamond 
grown  in  a  turbulent  flame.  The  substrates  used  were  type  Ila 
diamond  (100)  crystals  1.5  mm  in  diameter  and  .25  mm  thick.  A  p/p+ 
structure  was  deposited  using  the  p+  layer  as  an  ohmic  contact. 
Current-voltage  (I-V)  and  capacitance-voltage  (C-V)  measurements 
were  made  on  the  finished  devices.  An  ideality  factor  of  1.8  was 
obtained  from  the  I-V  characteristics.  Doping  levels  from  C-V 
measurements  indicate  an  acceptor  concentration  on  the  order  of 
5  X  lO'Vcm^. 


Diamond  has  several  properties  that  make  it  a  unique 
semiconductor.  These  include  a  wide  band  gap,  high  carrier 
mobility,  hardness,  a  large  thermal  conductivity  and  chemical 
inertness. 

Many  groups  have  reported  results  of  Schottky  junctions 
fabricated  on  CVD  diamond. This  report  will  present 
results  of  the  electrical  characterization  of  homoepitaxial 
diamond  synthesized  in  a  turbulent  flame. 

The  growth  setup  consisted  of  an  oxygen-acetylene  torch,  flow 
controllers,  and  water  cooled  substrate  holder.  Two  bubblers 
containing  a  methanol/boric  acid  mixture  were  used.  A  small 
fraction  of  the  total  acetylene  flow  was  diverted  through  the 
bubblers  using  mass  flow  controllers.  One  bubbler  contained  a 
solution  of  boric  acid  for  deposition  of  the  p*  layer  and  the 
solution  in  the  second  bubbler  was  diluted  by  a  factor  of  500  for 
growing  a  p  layer.  The  gas  flow  ratio  was  8.48/8,00/0.050  1pm  for 
Oj/CpHj/ bubbler  respectively.  These  flow  rates  were  selected  in 
order  to  operate  the  oxygen-acetylene  flame  in  the  turbulent 
regime,  since  recent  results  have  shown  that  high  quality  diamond 
is  grown,  if  the  flame  is  turbulent*.  Details  of  the  growth  setup 
Mat.  Res.  Soc.  Symp.  Proc.  Vol.  242.  1992  Materials  Research  Society 
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have  been  presented  elsewhere^.  The  growth  process  used  a  clean 
diamond  substrate  brazed  to  a  Mo  screw.  The  p*  layer  was  grown 
first  followed  by  the  lighter  doped  layer  referred  to  as  p. 
Switching  from  the  p*  bubbler  to  the  p  bubbler  during  growth  was 
accomplished  without  affecting  the  Oj/CjHj  ratio.  The  substrate 
temperature  was  maintained  at  1220  C  +/-  20  C.  After  completion 
of  the  growth  the  resultant  crystal  was  separated  from  the  Mo 
screw  and  cleaned  in  aqua  regia  for  lo  minutes,  immersed  into  a 
chromic  acid/sulfuric  acid  mixture  at  160  C  and  finally  placed  in 
a  HjOj/NHjOH  solution.  The  substrate  was  rinsed  in  water  after  each 
chemical  bath.  After  cleaning,  aluminum  Schottky  contacts  were 
evaporated  onto  the  samples.  An  evaporation  mask  was  used  and  the 
contact  area  was  1.0  x  10’^  cm^.  Upon  completion  of  the 
evaporation,  the  samples  were  characterized  using  I-V  and  C-V 
measurements.  Contact  to  a  sample  was  made  with  a  prober  for  the 
A1  dot  and  using  the  p*  layer  as  an  ohmic  contact.  The  p/p‘ 
structure  had  a  total  thickness  of  22  microns  of  which  1  micron 
was  attributed  to  the  p  layer.  This  was  ascertained  from  the 
relative  growth  times  of  each  layer.  Current  device  yields  are  low 
and  are  subject  to  continuing  improvement. 

The  I-V  measurements  are  shown  in  Fig.  1. 


Fig.  1  I-V  curve  of  S/N  112-4  at  300  K. 


A  least  squares  fit  of  the  forward  conduction  characteristics  was 
done  using  the  expression  for  a  Schottky  diode  with  a  bulk  series 
resistance®  R, 


I  =  I  gq(V  IR)/nkT 


163 


where  n  is  the  ideality  factor  and  1^  the  saturation  current.  The 
ideality  factor  was  found  to  be  1.9  and  the  bullc  resistance  650 
ohms.  Ref.  2  reported  an  ideality  factor  of  1.8  and  a  result  of 
1.85  is  reported  in  Ref.  3.  From  results  on  Schottky  junctions  on 
other  semiconductors,  the  literature  suggests  three  possible 
causes  for  high  ideality  factors,’  an  insulating  (oxide)  layer, 
cleavage  steps  at  the  contact  interface,  or  high  doping  levels. 
Given  the  differences  in  growth  methods  and  surface  preparation 
between  this  work  and  refs.  2  and  3,  and  the  chemical  inertness 
of  the  diamond  surface,  the  first  possibility  would  seem  to  be 
ruled  out.  The  second  possibility  is  tied  to  surface  carbon 
diffusion  and  the  nature  of  the  surface  step  structure  produced 
in  the  diamond  growth  process.  Finally,  because  nitrogen 
compensation  in  CVD  diamond  is  relatively  high  and  metallic-like 
conductivity  is  seen  for  boron  levels  on  the  order  of  10^°/c>''^>  the 
amount  of  boron  needed  to  overcome  compensation  narrows  the 
available  doping  range  in  CVD  diamond.  High  ideality  factors  might 
have  a  more  fundamental  cause  other  than  just  poor  contact 
fabrication  or  a  variance  in  fabrication  procedures.  Also,  the 
bulk  resistance  of  Schottky  junctions  on  diamond  reported  in  the 
literature  can  make  it  difficult  to  compare  I-V  results  because 
a  high  bulk  resistance  would  tend  to  mask  the  "true"  reverse 
characteristics . 

C-V  measurements  are  shown  in  Fig.  2. 


0  -TT— 1- TT- '  ri  I  :  i ‘i  it  t  ‘  i  -  t  :  t  i  i  i 
-  10  -0 

Fig.  2.  1/C^  vs.  voltage  at  two  different  frequencies,  S/N  112-4. 

Two  different  methods  were  used  in  measuring  the  capacitance. 
Lock-in  amplifier  techniques  were  used  to  measure  the  imaginary 
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part  of  the  AC  impedance  as  a  function  of  voltage  for  the  2  khz 
measurements  and  a  Keithley  model  590  capacitance-voltage  meter 
was  used  in  the  lOOkhz  measurements.  The  Keithley  C-V  instrument 
can  make  capacitance  measurements  assuming  a  parallel  or  serial 
R-C  circuit  as  the  electrical  model  for  a  Schottky  diode.  The 
variance  in  the  capacitance  from  assuming  either  a  parallel  or 
serial  R-C  circuit  is  less  than  .5%  over  the  range  of  capacitances 
reported  here.  From  ref.  8,  the  smallness  of  this  difference  was 
found  to  be  a  necessary  criterium  in  defining  when  the  influence 
of  the  conductance  on  the  measurements  was  minimal.  This  criterium 
is  adopted  here.  The  acceptor  concentration  obtained  from  the 
slope  of  the  line  in  Fig.  2  was  5  x  lo'Vcm^.  It  is  unclear  what 
influence  the  ideality  factor  has  on  diamond  C-V  characteristics. 

In  conclusion,  Schottky  junctions  were  fabricated  to 
investigate  the  electrical  properties  of  diamond  grown  in  a 
turbulent  flame,  demonstrating  that  this  material  has  potential 
for  electronic  applications.  Further  work  is  reguired  to  raise  the 
device  yields  and  further  explore  the  growth  parameter  space 
available.  One  of  us  (J.w.G)  would  like  to  gratefully  acknowledge 
that  this  work  was  carried  out  while  holding  an  Office  of  Naval 
Technology  postdoctoral  fellowship. 
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ABSTRACT 

The  technology  to  fabricate  polycrystalline  diamond  film  resistors  has  been 
initiated  using  modified  thick  film  patterning  techniques  and  in  situ  solid  source  doping. 

Doping  of  polycrystalline  diamond  films  in  microwave  plasma  CVD  systems  has 
been  achieved  historically  through  use  of  diborane  gas,  which  may  contaminate  the 
deposition  system  causing  all  diamond  films  thereafter  to  be  doped  p-type.  We  have 
attempted  noncontaminating  in  situ  doping  utilizing  two  solid  source  dopants,  and  have 
met  with  preliminary  success. 

The  more  effective  source  (B2O3)  produces  a  fairly  even  dopant  concentration 
across  the  substrate,  with  sheet  resistL.ices  ranging  from  800  ohms  per  square  to  4.S00 
ohms  per  square.  The  other  source  (BN)  showed  significant  doping  in  a  narrow  band 
surrounding  the  source,  but  the  doping  concentration  decreased  rapidly  with  distance 
from  the  .source.  Films  grown  afterwards  with  no  doping  were  evaluated  through 
resistance  measurements;  no  evidence  of  doping  contamination  was  observed. 

INTRODUCTION 

Polycrystalline  diamond  films  (PDF)  have  been  shown  to  have  many  of  the  same 
properties  as  natural  diamond,  and  therefore  possess  material  properties  that  are 
desirable  in  semiconductor  electronic  use  (1).  These  are  of  particular  interest  for  high 
temperature  and  high  power  applications  [2].  Undoped  diamond  is  an  electrical  insulator 
[3],  yet  has  a  high  thermal  conductivity  [4].  Diamond  also  possesses  a  low  thermal 
coefficient  of  expansion  (.‘5,6],  and  high  electron  and  hole  mobilities  in  single  crystal 
material  [7]. 

CVD  diamond  doping  has  been  accomplished  with  diborane  gas  [8],  which  may 
contaminate  the  growth  chamber  [9].  This  work  examines  in  situ  doping  of  polycrystalline 
diamond  films  utilizing  solid  sources.  We  have  investigated  two  sources,  and  found  that 
one  produces  a  fairly  even  dopant  concentration  across  the  substrate,  while  the  other 
provides  doping  only  in  a  narrow  band  in  immediate  proximity  to  the  source.  Data  will 
be  presented  only  from  the  more  effective  source. 

EXPERIMENTAL  PROCEDURE 

Polycrystalline  diamond  films  are  grown  using  a  microwave  plasma  CVD  system 
developed  by  ASTEX,  Inc.,  Woburn,  MA,  which  is  installed  at  Vanderbilt.  Typical 
deposition  conditions  were  40  torr  pressure,  850  "C,  flow  rate  of  500  seem  hydrogen  and 
3.5  seem  methane,  microwave  power  1500  watts,  and  twenty  hours  deposition.  Silicon 
samples  were  prepared  by  abrading  selections  of  1"  x  1"  silicon  wafer  with  0.25  micron 
diamond  paste.  Aluminum  nitride  samples  were  cut  to  1”  x  1"  size  from  stock.  Table  1 
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describes  the  particulars  of  each  sample  investigated,  and  also  indicates  whether  an 
undoped  diamond  layer  is  present.  The  dopant  source  is  boron  oxide  (B2O3)  in  wafer 
form  obtained  from  Owen-Illinois.  Other  work  [12]  has  indicated  such  material  may  dope 
PDF. 

Electrical  properties  were  measured  utilizing  a  fixed  spacing  four  point  tungsten 
carbide  probe  which  was  connected  to  a  current  source  and  voltage  meter. 
Measurements  were  also  taken  with  an  HP  4145B  parameter  analyzer  utilizing  both  the 
four  point  probe  described  above  and  four  separate  tungsten  probes.  The  latter 
measurement  points  utilized  silver  contacts  placed  on  the  diamond  as  well  as  direct 
diamond  contact. 

Resistivity,  (p),  can  be  determined  through  four  point  probe  measurements, 

where 


n  t 
In  2 


—  Q-  m  for  s>t 
I 


(1) 


where  s  is  the  probe  spacing  and  1  is  the  film  thickness.  For  a  p-type  material,  the  carrier 
property  description  of  resistivity  is 

P  =  [<7  Mp  p]  ■' 

where  q  is  electronic  charge,  #ip  is  hole  mobility,  and  p  is  carrier  concentration.  Sheet 
resistance  is  determined  through  use  of  Van  der  Pauw’s  method  [lOj.  For  a  symmetrical 
structure,  sheet  resistance  is  defined  as 


R  =  Pit  =  _2_  Z- 

*  In  2  / 


(3) 


where  t  is  the  thickness  of  the  doped  layer.  Sheet  resistance  is  designated  in  ohms  per 
square,  and  the  geometry  of  the  resistor  defines  the  resistance. 

RESULTS 


Figure  1  shows  a  cross  section  of  sample  A.  The  doped  layer  of  diamond  can  be 
visually  distinguished  from  the  undoped  layer.  The  underlying  substrate  is  silicon. 

A  composite  of  sheet  resistance  profiles  for  all  samples  is  shown  in  Figure  2.  with 
the  results  for  sample  B  shown  separately  in  Figure  3.  These  measurements  were  taken 
with  the  four  point  probe  method  described  above,  using  a  current  source  and  voltage 
meter.  Each  point  is  an  average  over  a  range  of  0.5  mA  to  25  mA.  The  doping  sources 
for  samples  A  and  B  were  new  wafers  from  separate  manufacturer  lots;  the  source  used 
in  sample  C  had  been  utilized  in  two  previous  depositions  and  may  have  been  dopant 
depleted  or  blocked  by  surface  coatings.  Due  to  the  geometry  of  sample  A,  the  profile 
was  taken  in  a  base  orientation  only,  which  is  the  initial  measurement  reference 
orientation.  The  center  value  is  1810  n/square  with  a  variance  of  ±21%.  Sample  B  has 
a  center  value  of  800  n/square,  with  variance  of  ±42%  in  the  base  orientation  and  ±5% 
in  a  ninety  degree  rotation.  Sample  C  shows  a  center  value  of  3900  n/square,  with  a 
variance  of  ±23%  in  the  ba.se  orientation  and  ±17%  in  a  ninety  degree  rotation. 
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Table  I.  -  Sample  Parameters 


Sample  A 

Sample  B 

Sample  C 

Substrate 

Silicon 

Aluminum  Nitride 

Aluminum  Nitride 

Undoped 
Diamond  Base 

Yes 

Yes 

No 

Comments 

Sample  was 
originally  a  1"  x  I" 
square,  edges 
were  broken  away 
to  isolate  the 
doped  layer  and 
provide  thickness 
samples 

Sample  printed 
with  isolation  ring, 
base  layer  of 
undoped  diamond 
deposited  for 
growth  purposes 

San.ple  was 
unaltered  except 
for  sizing. 

Figure  1.  Cross  section  of  doped  diamond  film  grown  on  undoped  diamond  film. 
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Figure  2.  Composite  of  sheet  resistance  profiles  across  each  sample. 
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DISCUSSION 

Sample  B  shows  the  smallest  variation,  and  is  therefore  presumed  to  have  the 
most  uniform  doping  concentra'ion  of  these  samples.  Tlie  sheet  resistance  profile  across 
the  surface  is  the  most  uniform  of  the  samples.  Based  on  growth  rate,  the  thickness  of 
the  doped  layer  is  assumed  to  be  approximately  ten  microns,  and  the  resistivity  estimated 
to  be  0.8  n-cm.  From  the  resistivity  equation  for  p-type  doped  material  (Equation  2),  the 
mobility-carrier  concentration  product  is  7.8  x  10'“  [V-cm-s]  '.  Depending  on  the  dopant 
concentration  and  activated  carrier  concentration,  the  mobility  can  be  estimated  for  PDF. 
For  example,  if  N,^  were  10‘"/cm’  and  an  active  carrier  concentration  at  room 
temperature  were  0.2%  [11],  mobility  would  be  estimated  at  40  em’/V-s.  SIMS  analyses 
are  in  process. 


SUMMARY 

A  minimum  variance  of  ±5%.  best  case  from  center  across  a  1"  x  1”  sample  has 
been  observed  in  solid  source  doped  CVD  polycrystalline  diamond  film.  The  sheet 
resistance  profiles  observed  provide  an  initial  characterization  of  this  doping  method,  and 
may  be  utilized  to  further  refine  the  process. 

In  situ  solid  source  doping  has  been  shown  to  be  effective  in  CVD  polycrystalline 
diamond  film.  Subsequent  films  are  found  to  be  undoped  as  determined  by  resistance 
measurements.  These  results,  in  conjunction  with  ongoing  application  of  modified  thick 
film  hybrid  technology,  may  yield  PDF  resistors  configurationally  similar  to  traditional 
thick  film  resistors  and  materially  compatible  with  microelectronic  technology  . 
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ABSTRACT 

The  modification  of  the  wear  properties  of  type  Ila  diamond  following  ion  implantation 
with  10(1  keV  carbon  and  nitrogen  has  been  studied  at  implantation  temperatures  of  150  and  470 
K,  Abrasion  testing  using  low  load  multiple  pass  scratch  testing  with  a  Rockwell  diamond 
indenler  has  shown  a  decrease  in  wear  resistance.  MierostrueUiral  modifications  resulting  from 
ion  implantation  have  been  asses.sed  using  Channeling  Rutherford  Baekscattering  Spectroscopy 
(C-RBS).  No  correlation  w  as  found  between  tbe  presence  of  ion  beam  induced  point  defects  (as 
measured  by  C-RBS)  and  the  increa.se  in  wear.  There  are  no  obvious  wear  rale  differences 
observed  for  nitrogen  or  carbon  implantation. 


INTRODUCTION 


Diamond  is  believed  to  wear  by  a  prrKcss  of  microcicavage*  in  w  hich  microscopic 
surface  irregularities  are  broken  off  from  the  surface  of  the  diamond  along  (111)  cleavage  planes 
thus  e,xposing  further  surface  roughness  to  enable  abrasion  to  occur.  The  abrasion  resistance  and 
hardness  of  tjiamond  varies  considerably  between  different  stones  and  between  Type  I  and  Type 
II  diamonds-.  Natural  Type  I  diamonds  containing  high  concentrations  of  nitrogen  are  known  to 
be  considerably  harder’  than  Type  II  stones.  flartTey'^i.jnplantcd  diamond  cutting  tools  with 
carbon  and  nitrogen  to  a  total  dose  of  .rxlO*'  lons.em'-  .  These  results  suggested  that  nitrogen 
implantation  produced  enhanced  wear  resistance,  whilst  carbon  implantation  did  not,  Fiom  these 
results  Hanley  postulated  that  nitrogen  implantation  to  synthesize  Type  I  diamond  behavior  may 
improve  the  wear  resistance  of  diamond. 

In  the  present  study  carbon  and  nitrogen  have  been  implanted  in  order  to  test  this 
hypothesis.  Carbon  implants  were  used  to  study  the  effect  of  ion  beam  induced  damage  rm  wear 
behavior,  in  the  absence  of  any  chemical  effect.  The  results  were  then  compared  to  those 
involving  nitrogen  im|ilanlalion  at  similar  energies.  Since  the  knoek-on  damage  due  to  nitrogen 
and  carbon  (both  at  1  (HI  keV)  is  very  similar,  any  differences  on  the  wear  behavior  between  ihe.se 
two  implant  species  can  be  attributed  to  the  chemical  effect  of  nitrogen.  Hence  by  comparing 
nitrogen  and  carbon  implantations  llarlley  s  prcstulalc  can  he  tested. 

Previous  work  by  our  group'  has  concentrated  on  study  ing  the  effect  ol  high  temperature 
( 1(170  K)  ion  implantation  on  (he  wear  properties  of  natural,  industrial  quality,  l  ype  la  diamonds. 
This  early  work  returned  positive  results  in  favour  of  ion  beam  induced  wear  reduction.  Howc'.er 
variations  in  behavior  between  samples  and  indeed,  different  regions  on  the  one  sample,  has 
made  the  acquisition  of  a  reproducible  data  set  difficult.  Fhc  current  study  uses  optically  Bat, 
polished,  inclusion  free,  oriented  (110)  I'ype  Ila  diamond  w  indows  (5.0  x  5.0  x  0.25  mm  ’) 
supplied  by  Drukkers  Corp.  of  Amsterdam.  Fhc  llatncss  and  uniformity  of  these  samples 
provides  a  eonsisleni  sample  set  for  the  investigation. 

The  implantation  temperatures  of  150  and  470  K  were  chosen  .so  as  to  assess  the  effeel  of 
the  mobility  of  ion  beam  induced  defects  on  wear  behavior.  At  'mplantalion  temperatures  atxive 
Hot)  K  both  vacancies  and  interstitials  are  believed  to  be  mobile  in  diamond.  In  the  temperature 
range  from  500  to  KOO  K  interstitials  are  the  predominant  mobile  defect,  while  below  5(M)  K  there 
is  no  defect  mobility^’.  Thus  at  150  K.  at  least  lor  moderate  doses,  complex  delect  structures  are 
less  likely  to  be  formed.  For  implantation  at  470  K,  reiomhination  rd  vacancies  and  interslitials 
IS  expected  to  occur  and  more  complex  extended  defects  may  also  form. 
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The  aim  dl  this  sludy  was  to  determine  the  implantation  parameters  w  hieh  lead  to  an 
increase  in  wear  resislanee.  All  results  obtained  with  type  Ha  samples  show  a  reduction  in  wear 
resistance,  hut  analysis  of  these  results  still  prov  ides  useful  information  with  regard  to  the 
modification  of  the  wear  properties  of  diamond. 


EXPERIMENTAL 


Implantation  w  as  performed  using  a  Whiekham  2011  keV  Ion  Implanter.  All  implants 
were  perforijied  using  an  acceleration  voltage  of  100  keV  with  a  beam  current  of  approximately 
0..V  /xA.cm"'.  The  Hat  face  (110)  of  each  sample  was  div  ided  into  three  regions  (Eigure  1 ).  The 
middle  strip  was  masked  w  hile  the  other  regions  were  implanted  w  iih  doses  of  lo'^  ions.em'“ 
and  2.5  x  lo'^  ions.em'“.  The  masked  strip  prov  ided  a  reference  unimplanted  area. 


Eigure  I.  Diagram  of  a  sample  showing  the  iwo  implanted 
areas  separated  by  an  tinimplanled  strip.  The  lines  marked  1 
lo  4  indicate  approximate  positions  of  the  scratch  tests. 


Implantation  doses  were  cho.sen  with  referenee  to  surface  resistivity  measurements  on 
carbon  implanted  diamond^  (Figure  2).  Conductiv  ity  is  very  sensitive  lo  mieroslruelural 
modifications,  and  ihese  measurements  show  three  distinct  implanlation  dose  regimes. 
D<D|,D|<D<Dt  and  D  >  Ds  which  characterize  the  ion  Iream  induced  damage 
E'or  D  <  D|  a  build  uiTof  point  defects  occurs  while  the  diamond  remains  essentially  single 
crysial.  for  D|  <  D  <  Da  partial  amorphization  or  graphitisation  may  occur.  For  D  >  D->  the 
formation  of  scmiconlinous  pathways  between  conducting  graphitic  regions  within  the  diamond 
occurs,  approaching  complete  graphitization  as  the  do.se  is  increased.  The  doses  chosen  for  this 
study  are  shown  in  Figure  2,  w^ich  also  shows  the  values  of  Di  and  D-i  for  each  implant 
temperalijre.  For  both  1 5(1  K  and  470  K  implant  tcm|K-ratures.  tile  low  3osc  implant  of  1  x  I  O'  "* 
ions.cm"-  is  less  than  D|  and  shijuld  thus  ct^eaie  only  localized  point  defects  within  the  sample. 
Similarly,  the  high  dose  2.5x10^-^  ions.cm'-  implant  is  just  below  Ds  and  should  create  parti.il 
iimorphisation  of  the  implanted  region  while  avoiding  complete  grapTiitisation. 

Wear  testing  has  been  conducted  using  the  technique  of  low  load,  multiple  pass  scratch 
testing.  All  scratch  tests  have  been  performed  with  an  applied  load  of  O.OSN.  The  indenter  used 
for  the  scratch  tests  w  as  a  Rockwell  diamond  indenter  vv  ith  a  tip  radius  ol  0.200  mm.  During 
tesling  the  indenter  was  aligned  with  the  hard  (1 10) direction  Ixing  presented  to  the  sample.  Care 
was  taken  to  ensure  (hat  the  face  of  the  sample  lo  be  tested  vvas  horizontal  and  that  the  indenter 
axis  was  normal  lo  (he  diamond  surface.  The  sample  was  scratch  tested  in  the  hard  (T 1 0) 
direction  for  200.000  passes  and  in  the  soft  ( 100)  direction  for  1 200  passes.  The  length  of  each 
scratch  is  approximately  2  mm  and  the  relative  speed  of  the  indenter  was  approximately  2.S 
mm.s'' .  I  he  duration  ol  the  scratch  tests  was  chosen  to  try  and  obtain  a  groove  approximately 
lOOOA  deep  which  corresponds  roughly  with  the  damage  (leak  due  lo  implanitilion. 

After  scratch  tesling.  surface  profilometry  vvas  performed  using  a  Teneor  Instruments 
Alpha  .Step  250.  Surface  profilometry  across  the  wear  track  allows  the  depth,  width  and  shajK  ol 
the  resulting  .scratch  lo  be  determined.  Prior  lo  surface  profilometry  the  samples  vvere  first 
cleaned  in  nitric  acid  to  remove  any  debris  from  scratch  testing  and  then  ultrasonically  cleaned  in 
methanol.  Five  or  more  of  surface  profiles  were  taken  across  the  length  ol  each  wear  track  in 
both  the  unimplanted  and  implanted  regions.  The  average  depth  and  cross-sectional  area  of  each 
wear  track  in  the  implanted  and  unimplanted  regions  was  then  calculated  Irom  these 
measurements.  The  Jailer,  when  divided  by  the  number  ol  passes,  allows  the  average  wear  rate  lo 
be  determined  in  A-/pass^. 
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Figure  2.  The  surl'aee 
eonduelivily  eurves  of  KM) 
keV  C'*'  implanted  diamond 
lor  implant  temperatures  ol 
3(M)  and  471)  K.  The  doses 
ehosen  in  this  study  and  the 
temperature  dependant  doses 
D I  and  [)->  are  shown. 


The  mierostruetura)  modilieations  whieh  liave  oeeurred  as  a  result  o)'  ion  implantation 
were  monitored  using  Channeling  Rutherford  Baeksealtering  Speetrometry  (C-RBS).  A  1.46 
MeV  alphti  partiele  analyzing  beam  was  used  with  the  spot  si/e  on  target  approximately  .4IM)/nm 
in  diameter. 


RESULTS  AND  DISCUSSION 


Figure  .1  shows  typieal  surlaee  profilometry  results  for  hoth  the  hard  (Til))  direetion  after 
2()().()0()  pas.ses  and  the  .soft  (10(1)  dpreelion  after  1200  passes.  The  wear  traek  in  the  hard 
direetion  is  in  general  broader  than  that  in  the  soft  direetion.  Tables  I  and  II  summarize  the  result 
of  the  profilometry  measurements  for  all  of  the  samples  studied.  Table  1  tabulates  the  results  for 
the  soft  ( 100)  direction  and  Table  II,  the  results  for  the  hard  (TlO)  directions.  In  both  tables  the 
absolute  wear  rales  are  tabulated,  together  with  a  value  of  the  wear  rate  in  the  implanted  region 
compared  to  that  in  the  unimplanled  diamond  in  the  same  wear  track.  For  completeness  Tables  1 
and  II  also  list  the  relative  depth  of  the  wear  track,  being  the  depth  of  the  seraleh  in  the  implanted 
region  divided  by  the  depth  in  the  unimplanled  region. 


Implant  Dose  ^ 

Implant 

Wear  Rate  (l(M)()A-/pass) 

Relative 

Relative 

&  Species  (cm'-) 

Temp (K) 

Unimplanted 

Implanted 

Wear  Rate 

Depth 

lxl()''*C+ 

I.‘t0 

,‘;7±l.f 

1  I4±2.f 

d.OiO.O 

l.4a:().4 

470 

l(>±2..‘i 

20±6.7 

1  ..s*0.6 

l.li0..s 

2..Sxl0'-‘’C-^ 

I.SO 

46±16 

S.S±I6 

I.Oil.O 

1.4±()..f 

470 

78±I.S 

1  .s0±6.7 

2.()±().5 

1.7±().,i 

lxl()''^N  + 

I.SO 

I0()±.?2 

ll()±2..‘i 

1.()±()..4 

I.S±().s 

470 

06i0.2 

I40±4.S 

1  ..4±0.6 

l.l±0..f 

2..sxlo'-‘’N  + 

l.‘i0 

7,‘;±27 

1  I()4l7 

I..S±(I.7 

1  .,S±0..s 

470 

87±7..s 

2I()±24 

2..‘i±()..s 

2.l7-().-S 

Fable  I.  Profilometry  results  for  the  (100)  (soft)  direetion  show  ing  the  relative  depth  and 

wear  rales  of  the  implanted  region.  A  relative  value  >  I  shows  an  inerea.se  in  the  measured  value 
in  the  implanted  area,  as  compared  to  the  unimplanled  area.  The  large  errors  are  due  to 
llueluations  in  the  wear  track  profile  as  a  funelion  of  distance  along  the  seraleh. 


Implant  Dose 

Implant 

Wear  Rale  (A“/pass) 

Relative 

Relative 

&  S[x:cies  (cm‘^) 

Temp  (K) 

Unimplanled 

Implanted 

Wear  Rate 

Depth 

lxl()''^C+ 

150 

2.40±45 

27()±5« 

1 .2±0.5 

1.2±0.1 

2.5xU)'-V+ 

470 

2I0±20 

.441)5:45 

l.7±0.4 

1.1  ±0.4 

150 

1.S()0±I20 

25(M)±.440 

l.7±0.4 

5.I±1..4 

470 

560±  1 .50 

690±200 

l.>f±l.6 

2.4±1.I 

Ixlo'^N-* 

1.50 

7I0±I70 

1600±200 

2.2±O.R 

2.7±().5 

2.5x1  o' -‘’N+ 

470 

42()±76 

240()±160 

5.75:1.4 

4.4±0.5 

1-50 

7I0±170 

4.400±I50 

6.0±1.6 

5..4±1.2 

470 

470±140 

1.4005:160 

2.7±1.1 

.4.150.0 

Table  II.  Pnililomciry  rc.sulLs  lor  the  (T 10)  (hard)  direction  .showing  the  relative  depth  and 
wear  rates  ol  the  implanted  region.  As  in  Table  I  the  large  errors  are  due  to  Huetuations  in  the 
wear  track  prolile  as  a  function  ol  distance  along  the  scralch. 


Figure  .T  Typical  cross-sectional 
profiles  of  the  wear  tracks  obtained 
from  scratcb  testing  shitw  ing  (a) 
Wear  track  in  the  hard  (T 11))^ 
direction  (470  K  nitrogen)  and  (b) 
Wear  track  in  the  softl(100)  direction 
( l.‘'0  K  nitrogen). 


The  profilometry  results  show  no  obvious  differences  in  wear  rate  modification  between 
carbon  and  nitrogen  implantation  except  perhaps  that  the  ion  beam  induced  increase  in  wear  lor 
the  hard  direction  is  greater  for  nitrogen  than  lor  carbon  implants.  In  particular.  Hartley's'*  result 
reporling  inerea.sed  wear  resistance  for  nitrogen  implants  cannot  be  confirmed.  However  we  note 
that  this  qiay  he  due  to  the  differing  implantation  conditions  used.  Hartley  implanted  IxlO*-^ 
ions.em'^  at  room  temperature  using  a  multiply  energy  implant  at  energies  of  .fOO.  200  and  UH) 
keV  looljlain  a  total  dose  of  .^x  I0‘-^ions.em'“,  whereas  the  single  energy  100  keV  2..‘'xl0'  -^ 
ions.em"^  implants  used  in  this  study  will  restill  in  a  narrower  more  highly  damaged  layer  w  ithin 
the  diamond. 

The  C-RBS  spectra  for  the  high  dose  implants  are  shown  in  Figure  4.  The  low  dose 
spectra  have  not  been  included  as  these  show  very  little  damage,  if  anv.  as  compared  to  the 
unimplanled  diamond.  Figure  4a  shows  the  C'-RBS  ,s|K-elra  for  nitrogen  implantation  at  both  1  ,'0 
K  and  470  K,  while  figure  4b  shows  the  equivalent  spectra  resulting  from  carbon  implantation. 

Both  carbon  and  nitrogen  implantation  at  l.‘'0  K  show  the  measured  yield  (Xmjn)  '***’ 
implant  damage  peak  to  approach  the  random  yield,  suggesting  almost  etimplete  amorphisation 
of  the  implanted  layer.  The  differences  in  the  C-RBS  sjKxtra  between  the  two  s|x.'eies  are 
consistent  with  TRIM  ^  calculations  which  show  nitrogen  creating  a  slightly  broader,  taller 
damage  peak  than  carbon  implanls.  The  predominant  implant  induced  defect  structures  are  [Xiint 
defects  as  little  deehanneling  is  visible  behind  the  damage  |Kak.  which  wiuild  be  ex|xeted  from 
more  complex  defect  structures. 
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(■iguri.'  4.  C-RBS  spectra  ohlaincil  (him  the  2.5xlt)'-^  ums.cin'-  implants  using  (a)  IDI)  keV 
nitrogen  implantation,  and  (h)  UK)  keV  carbon  implantatii'ii.  The  el  lect  of  temperature  on  point 
defect  eoneenlration  is  clearly  visible. 


The  471)  K  spectra  of  both  carbon  and  nitrogen  show  much  less  ion  beam  induced  dannige 
wall)  a  Xyiin  tiRproxirnately  21)''';  at  the  damage  peak  for  both  implant  species  as  compttred  to 
the  I  .s()K  spectra.  This  suggests  that  a  high  proportion  of  the  lon-beam  induced  point  defects 
have  been  annealed  out  due  to  the  higher  implant  temperature.  The  t’-RBS  spectra  of  the  47t)K 
nitrogen  implant  also  shows  enhanced  deehannelmg  behind  the  damage  jieak  w  hieh  suggests  the 
presence  of  extended  defects.  This  enhanced  deehanneling  is  not  present  in  the  carbon 
spectra. 

Despite  the  large  differences  hetween  the  l.stIK  and  47t)K  C-RBS  spectra  there  is  no 
apparent  temperature  dependence  on  the  wear  rate.  Similarly,  both  low  and  high  dose  implants 
result  in  similar  wear  rate  modifications,  despite  the  large  difference  in  point  defect 
concentration.  This  suggests  that  the  presence  of  point  defects  is  not  imtiliealed  in  the 
macroscopic  wear  behaviour.  It  also  suggests  that  very  little  ion-beam  induced  damage  is 
reuuired  to  produce  wear  rtite  modifications.  The  presence  ol  extended  delects  in  the  47t)K 
nitrogen  implant  til.so  appears  to  have  little  effect  on  the  wear  behaviour  when  compared  to  the 
47()K  carbon  implant,  Thus  other  defects  which  are  not  visible  in  C-RBS  analysis  must  be 
responsible  for  the  observed  changes  in  wear  behavior. 


CONCl.USlON 


Ion  implantation  at  doses  of  I  x  lo''^  and  2.-Sxlt)'-''  lons.em'-  at  temperatures  of  l.'tl  and 
47f)  K  shows  no  obvious  trend  in  modifying  the  wear  rale  despite  large  diflerenees  in  lire  C-RBS 
spectra.  This  suggests  that  both  point  defects  have  little  role  in  defining  the  lon-beam  induced 
wear  behavior.  In  particular,  there  are  no  obv  ious  wear  rale  dillerenees  observed  lor  nitrogen  or 
carbon  implantation. 

The  el  feel  of  ion  implantation  on  the  wear  rale  is  diUerem  lor  hard  (III))  and  soft  ( ItM)) 
directions.  I’here  is  a  tendency  for  the  (T 10)  diieelion  to  show  a  dose  dependency  w  Inch  is  no) 
always  the  ease  in  the  ( 1110)  direction. 
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ABSTRACT 

Vapor  pressure  control  technology  is  successfully  applied  to  the  bulk  crystal  growth, 
epitaxial  growth  and  diffusion  process  of  ZnSe  crystals.  Surface  morphology  and  the  crystal 
quality  are  investigated  by  the  optical  microscope  and  the  X-ray  double  crystal  diffractometry 
as  the  function  of  the  growth  temperature  and  the  applying  Zn  vapor  pressure.  The  cathode 
luminescence  is  also  measured  to  evaluate  the  optical  propenies  and  the  effect  of  low 
temperature  growth  and  the  application  of  Zn  vapor  pressure  are  demonstrated,  p-type  ZnSe 
crystals  are  grown  from  the  Se  solution  with  group  I^  element  as  a  dopant  under  controlled 
Zn  vapor  pressure,  p-n  junction  diodes  are  also  prepared  by  the  Ga  diffusion  from  Zn  solution 
under  Se  vapor  pressure.  Emission  spectra  from  the  p-n  junction  and  its  Zn  and  Se  vapor 
pressure  dependencies  are  also  presented. 


INTRODUCTION 

The  most  important  factor  to  be  controlled  in  compound  semiconductor  crystals  is  the 
deviation  from  the  stoichiometric  composition.  Starting  from  the  investigation  of  iron- 
pyrite(l|,  we  have  carried  out  the  annealing  experiments  of  various  111-V  compound 
semiconductor  crystal.s|2)  under  controlled  vapor  pressure  of  group  V  elements.  Crystallo¬ 
graphic,  electrical  and  optical  evaluation  have  led  to  the  crucial  conclusion  that  the  nearly 
perfect  crystals  with  stoichiometric  composition  could  be  obtained  under  a  specific  vapor 
pressure  (optimum  vapor  pressure)13).  Later,  some  experimental  studies  were  carried  out  at 
another  laboratory  and  good  coincidence  could  be  obtained  with  our  results|4|.  Temperature 
dependence  of  the  optimum  vapor  pressure  was  also  determined.  The  vapor  pressure  control 
technology  has  been  successfully  applied  to  the  liquid  phase  epitaxial  growth  of  Ga.AslSl  and 
GaP(61  from  the  Ga  solution  in  combination  with  the  temperature  difference  method  (TDM- 
CVP).  It  has  been  shown  that  there  has  been  also  the  optimum  vapor  pressure  to  improve  the 
crystal  qualities.  Vapor  pressure  control  technology  has  been  applied  to  the  bulk  crystal 
growth  of  Czochralski-grown  GaAsl?)  and  zone  melting  InP|8).  It  has  been  shown  that  the 
application  of  vapor  pressure  is  also  effective  to  concol  the  deviation  from  the  stoichiometric 
composition  of  compound  semiconductor  crystals  and  to  reduce  the  dislocation  density  in 
commercially  available  GaAs  ingots. 

In  order  to  clarify  the  mechanism  of  the  vapor  pressure  control  technology,  the 
theoretical  analysis  was  also  carried  out  on  the  basis  of  the  extension  of  the  conventional 
chemical  potential  equilibrium  through  three  phases.  Our  experimental  results  of  the  phase 
diagram  in  Ga-As  system  can  be  successfully  explained  by  taking  into  account  the  change  of 
the  saturated  solubility  in  the  solution  under  controlled  vapor  pressurel9|,  resulting  m  that  the 
deviation  from  the  stoichiometric  composition  can  be  controlled  by  the  application  of  the 
vapor  pressure. 
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ll-Vl  compound  semiconductors  including  'ZnSe  crystals  are  the  promising  material 
for  light  emitting  devices  with  short  wavelength.  Recently,  ZnSe  semiconductor  laser  has  been 
reported  to  operate  at  liquid  nitrogen  temperature.  In  wide  gap  ll-Vl  compounds  such  as 
ZnSe,  both  Zn  and  Se  show  high  vapor  pressure,  resulting  in  that  various  sorts  of  defects  are 
easily  introduced  during  crystal  growth  and  other  thermal  processes,  'fherefore,  high  quality 
ZnSe  crystals  with  p-type  conduction  have  not  been  easily  obtained  for  a  long  time.  We  have 
applied  the  vapor  pressure  control  technology  to  the  bulk  crystal  growth,  epita.sial  growth  and 
fabrication  of  p-n  junction  with  the  blue  light  emission  of  48()nm|  10]. 

In  order  to  reduce  the  residual  defects  and  impurities,  lower  grow  th  temperature  will 
be  expected  in  epitaxial  growth.  This  paper  repons  the  results  of  liquid  phase  epitaxial  ZnSe 
crystals  grown  by  the  TDM-CVP  using  Se  solution  under  Zn  vapor  pressure  at  relatively  low 
growth  temperature.  Change  of  the  surface  morphology  and  the  cathode  luminescence  spectra 
are  presented  as  a  function  of  the  growth  temperature  and  the  applying  Zn  vapor  pressure. 
Doping  characteristics  are  also  shown  in  view  of  the  controlled  Zn  vapor  pressurcl  1 1 1. 


EXPERIMENTAL 


Figure  1  is  a  schematic  drawing  of  the  epitaxial  growth  system  and  the  temperature 
distribution  of  the  furnace.  Due  to  the  differences  of  the  specific  gravity  of  ZnSe  and  Se,  the 
source  material  (.ZnSe)  was  maintained  above  the  molten  Se  solution  by  a  narrow  ponion  of 
the  qutirtz  ampoule  (8mm0  ,  5(l-8()mm  length).  The  temperature  of  the  source  m.iterial  is 
maintained  1-3°C  higher  than  that  of  the  ZnSe  substrate.  ZnSe  substrates  used  were  1 1 1 1 1 
oriented  and  also  grown  by  the  TDM-CVP  at  lOSO'C.  Crystal  quality  of  the  substrate 
materials  were  evaluated  by  the  X-ray  double  crystal  diffractomeiry  and  the  full  width  at  h.ilf 
maximum  (FWHM)  of  the  X-ray  rocking  curve  was  less  than  100  second  of  arc. 

p-n  junction  was  fabricated  by  the  Ga  diffusion  under  controlled  Se  vapor  pressure  into 
the  p-type  ZnSe  crystals  grown  by  the  TD.M-CVP.  p-type  ZnSe  crystals  were  grown  from  the 
Se  solution  with  group  elements  as  a  dopant  impurity  under  controlled  Zn  vapor  pressure. 
In  order  to  obtain  the  diffused  layer  with  the  thickness  of  5~7pm,  typical  diffusion 
temperature  and  time  used  were  740°C  and  Ih  respectively. 


SPACER 


Fig.l 

Schematic  draw  of  the  epitaxial  growth  sy  stem. 
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Noniarski  irilert'erence  microscopy  analysis  was  applied  to  inspect  the  surface 
morphology  of  the  epitaxial  layers.  Cathode  luminescence  (CL)  measurements  were  carried 
out  using  the  electron  probe  microanalyzer  modified  to  collect  the  luminescent  light  at  77K. 
Accelerating  voltage  and  beam  current  used  were  25kV  and  94pA  respectively.  Beam 
diameter  was  about  5pm.  The  luminescence  was  analyzed  by  the  grating  monochromator  and 
detected  by  the  S-20  type  photomultiplier.  Emission  spectra  from  the  p-n  junction  were  also 
obtained  at  various  measurement  temperatures  ranging  77-.400K. 

The  Hall  measurements  were  made  by  the  Van-der  Pauw  method.  For  fabricating  the 
ohmic  contact,  Au  was  evaporated  follow'ed  by  the  heating  up  to  250°C  for  10  min.  in  an  .\r 
atmosphere. 


RESULTS  AND  DISCUSSION 


Surface  morpholoav 


Figure  2  shows  the  optical  micrographs  of  the  epitaxial  layers  and  the  cleaved  surface 
of  intentionally-undoped  ZnSe  crystals  grown  on  the  ( 1 1 1 )  oriented  substrates  at  750-950 'C 
without  excess  Zn  vapor  pressure.  Island  growth  was  shown  on  the  crystal  surface  when 
grown  below  750°C  perhaps  due  to  the  low  solubility  and  surface  migration  distance.  When 
crystal  growth  was  carried  out  at  85()-95()'C.  the  islands  were  spreading  and  becoming  larger. 
Consequently,  single  crystals  could  be  epitaxially  grown  with  .>mooth  surface  at  the  growth 
temperature  of  9.50“C. 


SURFACE 


Tg=750  ‘C 


Tg=8.50r 


Tg=900t: 


Tg=950  “C 


CLEAVED 

SURFACE 


I — I 
0. 1  mm 

Fig.2 

Surface  morphology  and  the  cleaved  surface  of  the  epitaxially  grown  intentionally-undoped 
ZnSe  crystals. 


Crystallographic  properties 

In  order  to  investigate  the  crystallographic  properties,  .X-ray  double  crysi.il 
diffractometry  analysis  was  applied  to  the  ZnSe  epitaxial  layers,  (111)  oriented  IIB  grown 
GaAs  crystal  was  used  as  the  1st  crystal  and  the  X-ray  rocking  curve  was  measured  using  the 
Cuket,  radiation  and  the  (3.53)^-(.5.F3)^  symmetrical  configuration,  rherefore,  the  FW  IIM  of 
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the  X-ray  rocking  curve  reflects  the  irregularity  of  the  crystal  lattice  plane.  Figure  3  shows 
the  FWHM  of  the  X-ray  rocking  curve  obtained  from  the  ZnSe  epitaxial  layers  as  a  function 
of  growth  temperature  of  the  substrate  materials.  The  growth  temperatures  of  the  epitaxial 
layers  were  in  the  range  850~950°C.  In  F:g.3,  some  of  the  samples  grown  at  8.30  and  9()0°C 
show  multi-peaks  of  the  X-ray  rocking  curx'e  due  to  the  exi.stence  of  misoriented  island 
growth  region,  In  those  cases,  FWH.M  corresponds  to  the  total  width  of  the  X-ray  rocking 
curve.  As  shown  in  Fig.3,  crystal  perfection  of  the  epitaxial  layer  was  shown  to  be  superior 
to  that  of  the  substrate. 


Tg  =  850  C 
Tg=90ff  C 
Tg=^ff  C 


Fig.3 

FWHM  of  the  epitaxial  layers  as  a  function  of  that  of  substrate  materials.  FWHM  was 
measured  by  the  X-ray  double  crystal  diffractometry  using  t333,\-(333)5  symmetrical 
configuration. 


Cathode  luminescence  investigation 

Figure  4  shows  the  cathode  luminescence  (CL)  spectrum  of  the  inienlionally  undoped 
epitaxial  ZnSe  grown  at  900°C.  I'he  electron  beam  was  focused  onto  the  single  domain  of  the 
epitaxial  layer.  The  CL  spectrum  shows  three  peaks  as  shown  in  Fig.4.  2.7''3  and  2.696c\' 
CL  peaks  correspond  to  the  exciton  emission  (EX)  and  the  donor-acceptoi  pair  emission  (D.\) 
respectively.  DA  pair  emission  peak  was  shown  to  be  followed  by  the  phonon  replicas  with 
3()meV  intervals.  A  weak  emission  band  relating  with  the  deep  levels  could  be  also  detected 
at  around  2.48eV.  Whereas,  no  other  deep  level-related  emissions  could  be  detected  in  the 
longer  wavelength  region. 

Figure  5  shows  the  CL  spectra  of  the  epitaxial  layers  grown  at  various  growth 
temperatures.  For  comparison,  the  CL  spectrum  of  the  substrate  material  before  growth  w  as 
also  shown.  It  is  clearly  shown  that  the  intensity  of  the  EX  emission  decreases  w  ith  increasing 
of  the  growth  temperature.  On  the  contrary,  the  intensity  of  the  DA  pair  emission  increases 
with  increasing  the  growth  temperature.  In  view  of  the  enhancement  of  the  E.X  emission 
intensity,  these  experimental  results  confirm  that  the  lower  growth  tem[Krature  improves  the 
crystal  quality.  It  is  also  shown  that  the  deep  level-related  CL  emission  at  around  2.4eV  could 
be  scarcely  detected  in  the  epitaxial  growth  layer. 
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Fig.4 

Cathode  luminescence  spectra  of  inlentionally-undoped  ZnSe  epitaxial  layers  grown  at  vOO'C 
without  application  of  Zn  vapor  pressure. 
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Fig.5 

Cathode  luminescence  spectra  of  intentionally-undopcJ  ZnSe  epitaxial  lasers  grov  n  it  various 
growth  temperatures  without  application  of  Zn  vapor  pressure. 


Next,  wc  show'  the  Zn  vapor  pressure  dependencies  of  the  Cl.  s'  ectra.  l  im  iC  o  show  s 
the  CL  spectra  of  the  epitaxial  layers  grown  under  the  various  controllcu  Zi'  ..ipor  pressure. 
In  all  samples,  the  fiX  emission  intensity  dominates  over  '.hat  of  the  l).-\  pair  cinissu'ii.  On 
the  contrary,  DA  pair  emission  intensity  was  shown  he  'arger  than  that  of  the  li.X  emission 
in  the  epitaxial  ZmSe  crystals  grown  without  applying  Zn  vapor  pressure,  rhcrclorc,  it  is 
concluded  that  the  application  ot  Zn  vapor  pressure  during  epi’.j.sial  growth  is  elTcctive  to 
reduce  some  sorts  of  point  defects  which  prevent  the  fonnation  of  excitons  m  the  crvstal- 
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Fig.6 

Cathode  luminescence  spectra  of  intentionally-undoped  ZnSe  epitaxial  layers  grown  under 
various  Zn  vapor  pressure.  Growth  temperature  was  95()°C. 


Figure  7  shows  the  inten.siiy  ratio  of  the  CL  emission  attributable  for  the  EX 
(2.773eV)  and  DA  pair  emission  (2.696eV)  as  a  function  of  the  applying  Zn  vapor  pressure. 
It  is  shown  that  the  relative  EX  emission  intensity  shows  its  maximum  at  a  specific  Zn  vapor 
pressure  of  -3.0  atm. 


Zn  VAPOR  PRESSURE  [atm] 

Fig.7 

Relation  between  the  applying  Zn  vapor  pressure  and  the  emission  intensity  ratio  of  the 
exciton  (EX)  emission  peak  at  2.773cV  to  the  donor-acceptor  (DA)  pair  emission  peak  at 
2.696cV. 


Figure  8  shows  the  CL  spectra  of  the  epitaxially-grown  ZnSe  crystals  doped  with  Au, 
Na  and  Li.  Dopant  materials  used  were  metal  gold.  NajSe,  Li,Se  and  Li^SOj  lLO 
respectively.  Experimental  results  obtained  were  rather  complicated.  When  the  Na,Se  and 
LijSe  doped  ZnSe  crystals  were  epitaxially  grown  without  Zn  vapor  pressure,  the  EX 
emission  decreased  drastically.  However,  application  of  3.0  atm  Zn  vapor  pressure  enhances 
the  CL  intensity  of  the  EX  emission,  meaning  that  the  formation  of  the  point  defects 
associated  with  the  deviation  of  the  stoichiometric  composition  should  be  reduced.  In  the  Au- 
doped  ZnSe  crystals,  the  intensity  of  the  deep  level-related  CL  emission  (2.2-2. 3eV)  w  as  also 
shown  to  be  reduced  by  applying  specific  Zn  vapor  pressure  of  3  atm.  Therefore,  it  is 
concluded  that  the  Zn  vapor  pressure  control  is  shown  to  be  effective  to  conU'ol  the  deviation 
from  the  stoichiometric  composition  of  ZnSe  crystals. 
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F'g-8 

The  effect  of  the  applying  Zn  vapor  pressure  on  the  cathode  luminescence  spectra  ol  epitaxial 
layers  doped  with  Au,  NajSc.  Li^Se  and  LijSO^-HjO. 


Doping  characteristics 

Zn  vapor  pressure  control  during  ZnSe  epitaxial  growth  was  also  shown  to  be  effective 
in  the  doping  characteristics.  When  ZnSe  crystals  were  grown  without  application  of  Zn  vapor 
pressure  from  the  Se  solution  with  acceptor  impurities,  only  the  insulating  materials  could  be 
obtained.  However,  epitaxial  growth  was  carried  out  under  controlled  Zn  vapor  pressure,  p- 
type  ZnSe  crystals  could  be  obtained  with  the  hole  carrier  concentration  ranging 
8xl()'’~3xl0'’  cm  ’  at  room  temperature.  Acceptor  impurities  used  were  NajSe,  Li.SOd  lLO 
and  LijSe,  The  highest  hole  carrier  concentration  was  obtained  when  Na^Se  was  used  as 
acceptor  impurity  with  2.5  mole%  or  less  in  the  Se  solution.  Table  1  summarizes  the  results 
of  the  Hall  effect  measurements  at  room  temperature.  It  is  noticeable  to  say  that  the  mobility 
of  the  Li-doped  ZnSe  epitaxial  layer  .shows  considerable  higher  than  that  obtained  Irom  the 
theoretical  calculations!  1 3 1. 
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I  able  1  Results  (it  the  llatl  et't'ect  measiireinents  at  room  temperature 


DOPANT 

mole  % 

conduction 

carrier 

Hall 

Resistivity 

m  Se  solution 

type 

concentration  (cm^  1 

mobility  (cnf’A’  sec] 

[ohm  cm] 

N^Se 

1-3E2 

P 

2EI6-3EI7 

4-O0 

2-90 

LiiSQiHf) 

3E2 

P 

6E15 

300 

60 

LhSe 

3E2 

P 

8EI3 

450 

v 

GROWTH  TEMPERATURE  =  95ff  C 
Zn  VAPOR  PRESSURE  =  3.0  atm. 


Blue  light  emission  from  the  p-n  junction  prepared  by  diffusion  under  controlled  Se 
vapor  pressure 

Figure  i  shows  the  typical  emission  spectra  from  the  p-n  junction  measured  at  various 
temperatures  ranging  77-300K.  Sample  used  was  grown  under  noi-optimized  Zn  vapor 
pressure.  The  emission  spectra  show  two  sorts  of  emission  lines  associated  with  the  gap 
energy  and  the  deep  levels  (Pj^^p).  The  emission  of  the  Pj^,^,p  was  very  wettk  in  most 
diodes  at  temperatures  below  172K.  The  emission  intensity  of  the  P„._  decreased  at  higher 
temperatures  above  280K.  Figure  10  shows  the  temperature  dependencies  of  the  emission 
wavelength  of  the  P„jg^  and  the  Pj^^.p.  The  emission  lines  associated  with  the  deep  levels  are 
classified  into  three  sorts  according  to  the  emission  wavelength  (A,B,C).  The  energy  of 
emission  line  B  is  the  same  as  that  of  self-activated  defectsI12|.  The  temperature  dependen¬ 
cies  of  the  peak  energies  determine  the  activation  energy  for  energy  shift  to  be  55meV  for 
the  Pedge  and  38meV  for  the  peak  C. 


Fig.9 

Typical  emission  spectra  from  the  p-n  junction  measured  at  various  temperatures  ranging 
77-300K.  Sample  used  was  grown  under  not-oplimized  Zn  vapor  pressure. 
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Fig.  10 

Temperature  dcpendeneies  of  the  peak  energy  of  the  and  obtained  from  the  /)-n 
junction.  ■  shows  the  data  from  ref.  12. 


Vapor  pressure  dependencies  of  the  emission  spectra  from  the  p-n  junction 

Figure  1 1  show's  the  relation  betw'een  the  intensity  ration  of  to  P^.j^^.  from  the  p-n 
junction  and  applied  Zn  vapor  pressure.  The  intensity  ratio  shows  its  minimum  at  a  specific 
Zn  vapor  pressure.  Especially,  the  specified  sample  grown  under  the  optimum  Zn  vapor 
pressure  show  s  almo.st  only  a  single  emission  line  of  2.7eV  (-46dnm)  at  77K  without  any 
deep  level-related  emissions.  Figure  12  shows  the  Zn  vapor  pressure  dependencies  of  the 
emission  intensity  of  the  The  emission  intensity  of  the  P^j^,^.  shows  its  maximum  also 
at  a  specific  Zn  vapor  pressure. 


Fig.H 

Relation  between  the  intensity  ration  of  P,|^.,.p  to  P,.jj,,.  and  applied  Zn  vapor  pressure. 
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Fig.l2 

Zn  vapor  pressure  dependencies  ol  the  emission  intensily  of  the  from  the  p-n  junction. 


Next,  we  show  the  effects  of  diffusion  conditions  on  the  emission  characteristics.  The 
Ga  diffusion  was  carried  out  in  the  Zn  solution  under  the  controlled  Se  vapor  pressure.  .All 
samples  used  were  grown  under  the  optimum  Zn  vapor  pre.ssure  of  7.2atm  at  1U50”C.  Figure 
13  and  14  show  the  Se  vapor  pressure  dependencies  of  the  emission  intensity  measured  at 
room  temperature.  As  shown  in  Fig.  13,  the  intensity  ratio  of  the  Pao.p  to  show  s  minimum 
at  a  specific  Se  vapor  pressure  applied  during  the  diffusion  process.  In  addition,  the  emission 
intensity  of  the  shows  maximum  at  almost  the  same  specific  Se  vapor  pressure. 


Fig.  1 3 

Effect  of  the  Se  vapor  pressure  during  Ga  diffusion  from  the  Zn  solution  on  the  emission 
intensity  ratio  of  Pj^p  to  P,,^^,.  of  the  p-n  junction  measured  at  nominal  room  tem[)eralure. 
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Effect  of  the  Se  vapor  pressure  during  Ga  diftusion  from  the  Zn  solution  on  the  emission 
intensity  of  of  the  p-n  junction  measured  at  nominal  room  temperature. 


Therefore,  it  is  concluded  that  the  formation  of  deep  levels  will  be  also  controlled  by  the 
application  of  the  Se  vapor  pressure  during  Ga  dillusion  process.  Figure  l.s  shows  the 
emission  spectrum  at  room  temperature  obtained  from  the  p-n  junction  grown  under  the 
opdmum  Zn  vapor  pressure  tbiiowed  by  the  Ga-dif('usion  process  under  the  opiimuni  Sc  v  apor 
pressure.  Even  at  room  temperature,  a  pure  blue  light  emission  was  obtained  at  480nm  with 
a  half  width  of  7nm  without  any  deep  level-related  emissions.  The  brightness  of  this  sample 
was  2mcd  at  the  driving  current  of  2mA. 


450  500  550  600  650 

WAVELENGTH  [nm] 


Emission  spectra  from  the  ZnSe  p-n  junctions  measured  at  77K  and  300K. 
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ABSTRACT 

Zinc  selenide  films  have  been  grown  heteroepitaxially  on  Si(lOO)  substrates  by  molecular 
beam  epitaxy.  The  initial  stages  of  growth  are  dominated  by  the  reaction  of  Se  and  Si  atoms  to  form 
the  compound  SiSe2.  The  compound  formation  disrupts  epitaxy,  and  several  growth  methods  which 
avoid  this  are  described  and  compared.  We  find  that  room  temperature  deposition  plus  solid  phase 
epitaxy  does  not  lead  to  significant  SiSe,  formation  and  yields  uniformly  thick  films  which  are 
misoriented  with  respect  to  the  substrate  and  contain  large  regions  of  twinned  ZnSe.  The  use  of  an 
As  monolayer  on  the  Si  surface  before  the  start  of  ZnSe  growth  allows  good  ZnSe  epitaxy  without  any 
Si-Se  reaction  or  any  misorientation.  ZnSe  films  have  also  been  used  as  interlayers  for  GaAs  growth 
on  Si.  This  has  allowed  us  to  obtain  uniform  GaAs  films  at  thicknesses  which  typically  manifest  a 
coalesced  island  morphology  for  GaAs  grown  directly  on  Si. 

INTRODUCTION 

Heteroepitaxy  of  compound  semiconductors  on  Si  substrates  is  a  promising  method  of 
combining  the  best  properties  of  both  materials.  A  great  deal  of  work  has  been  carried  out  for  GaAs 
heteroepitaxy  on  Si.  In  this  paper,  on  the  other  hand,  we  will  examine  the  related  case  of  the  growth 
of  ZnSe  on  Si.  ZnSe  is  of  interest  for  optical  devices  because  of  its  large  direct  band  gap,  but  it  is  the 
main  purpose  of  this  paper  to  use  the  ZnSe-on-Si  system  to  understand  more  about  general  questions 
of  heteroepitaxy  on  Si. 

Several  effects  make  the  growth  of  compound  semiconductors  on  Si  difficult  to  achieve 
successfully.  These  may  include  one  or  more  of  the  following:  (i)  lattice  mismatch  which  gives  rise  to 
dislocations  at  the  interface  or  in  the  film,  (ii)  different  thermal  coefficients  of  expansion,  which  can 
lead  to  the  introduction  of  stress  during  cooldown  from  the  growth  temperature,  Uii)  the  formation  of 
passivating  layers  which  have  very  low  surface  free  energy  and  thus  inhibit  the  bonding  between  the 
substrate  and  overlayer,  thereby  leading  to  island  formation  and  (iv)  reaction  between  atoms  from 
the  substrate  and  the  overlayer.  We  begin  by  considering  the  growth  of  the  first  few  monolayers  of 
the  overlayer.  The  very  early  stages  of  growth  of  GaAs  on  Si,  for  example,  are  dominated  by  the 
passivating  effect  of  an  As  monolayer  on  the  Si  substrate.  This  occurs  because  a  monolayer  of  As  can 
bond  to  either  the  Si(lll)  or  Si(lOO)  surface  so  that  all  of  the  Si  and  As  atoms  near  the  surface  are 
fully  coordinated.  The  surface  formed  is  therefore  highly  unreactive.  In  principle  a  fully  coordinated 
monolayer  of  Se  could  also  form  on  SiUOO)  in  an  analagous  manner  so  that  passivation  and  island 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  242.  '  1992  Materials  Research  Society 


192 


formation  would  also  take  place  for  ZnSe-on-Si  growth.  We  find,  however,  that  it  is  the  reaction 
between  Si  and  Se  to  form  an  amorphous  compound  that  is  the  major  effect  in  this  case. 

After  giving  some  experimental  details,  we  will  describe  the  bonding  of  Se  to  the  Si  surface 
and  discuss  the  chemical  reaction  that  is  found  to  take  place.  In  the  subsequent  sections  the  growth 
of  ZnSe  using  several  growth  techniques  will  be  discussed  and  finally  we  will  present  some  results 
for  the  use  of  ZnSe  as  an  interlayer  between  GaAs  and  Si. 

EXPERIMENTAL  DETAILS 

Unless  otherwise  noted,  the  silicon  wafers  used  as  substrates  had  their  surfaces  tilted  by  4 
degrees  from  the  (100)  plane  (the  surface  normal  being  tilted  by  4  degrees  towards  [0-1  Ij).  A  thin, 
protective  oxide  was  grown  on  these  (0.01  ohm-cm.  n-type)  silicon  substrates  as  described  elsewhere 
(!].  After  introduction  into  ultra  high  vacuum,  the  oxide  was  thermally  desorbed  and  the  surface 
cleanliness  and  order  was  determined  by  x-ray  photoemission  (XPS»  or  Auger  spectroscopy  (AES) 
and  low  energy  electron  diffraction  (LEED).  The  ZnSe  and  GaAs  films  were  grown  in  situ  by 
molecular  beam  epitaxy  (MBE),  using  a  compound  ZnSe  source  and  elemental  As  and  Ga  sources, 
respectively.  An  electrochemical  Se  cell  was  used  when  Se  alone  was  required.  The  resulting  films 
were  characterized  in  situ  with  AES,  XPS  and  LEED.  Prior  to  standard  sample  thinning  for  the 
transmission  electron  microscopy  (TEM)  studies,  an  amorphous  Si  layer  was  deposited  over  the 
films. 


INTERACTION  OF  Se  WITH  Si 

The  unreconstructed  Si(lOO)  surface  has  two  dangling  bonds  per  surface  atom  and  is  therefore 
energetically  very  unstable.  On  the  clean  surface,  adjacent  atoms  pair  up  to  form  dimers  so  that  the 
number  of  dangling  bonds  is  reduced  to  one  per  surface  atom.  If  each  of  these  atoms  is  replaced  with 
an  As  atom  then  the  extra  valence  electron  in  an  As  atom  replaces  the  dangling  bond  with  a  lone 
pair.  Moreover,  the  energy  level  of  the  dangling  bond  is  lowered  from  midgap  down  into  the  valence 
band.  Therefore  a  Si(lOO)  surface  covered  with  a  monolayer  of  As- As  dimers  is  fully  coordinated. 
This  is  found  to  be  the  case  in  practice  and  leads  to  a  very  unreactive  surface  [2].  Se  atoms  have  two 
extra  valence  electrons  compared  with  Si  and  thus  it  is  possible  in  principle  to  fully  coordinate  the 
un-dimerized  Si(lOO)  surface  with  a  monolayer  of  Se  as  is  shown  schematically  in  Fig.  1.  The  two 
dangling  bonds  that  were  present  are  replaced  with  two  non-reactive  lone  pairs.  An  arrangement 
such  as  this  is  found  to  occur  for  S  atoms  on  (je(lOO)  surfaces  (31,  bu^  we  have  foar.i  that  .hi'  is 
difTicult,  if  not  impossible,  to  achieve  for  Se  on  Si(lOO).  Experiments  utilizing  soft  x-ray  core  level 
spectroscopy  (SXPS)  found  that  thick  films  of  Se  would  react  with  Si  to  form  a  thick  layer  of  SiSe2 
[4,5].  This  is  a  compound  analagous  to  Si02  and  appears  to  be  a  stable  product  when  Se  comes  into 
contact  with  Si.  Results  of  the  SXPS  from  refs  4  and  5  are  given  in  Fig.  1  where  the  Si  core  level  is 
shown  for  (a)  a  thick  film  of  Se  that  was  deposited  at  room  temperature  (RT)  onto  an  on-axis  Si(lOO) 
substrate  and  then  annealed  at  a  temperature  of  300  and  (b)  the  same  film  after  annealing  at  550 


Figure  1.  Schematic  atomic  structure  of  the  ideal  Se-terminated  Si<  100)  surface  and  photoemission 
core  level  spectra  for  <a)  a  film  of  Se  that  was  deposited  on  Si  at  RT  and  annealed  at  300  C.  'b^  the 
same  film  after  annealing  at  550  X}  and  ‘O  a  ZnSe  film  which  was  annealed  until  all  of  the  Zn  but 
not  all  of  the  Se  was  desorbed  <from  ref.  5). 


C.  Both  spectra  can  be  fitted  with  a  bulk  Si  peak  and  4  chemically-shifted  peaks  with  separations  of 
5.  26,  36  and  46  from  the  bulk  peak  where  5=0.53  eV.  the  shifts  being  to  higher  binding  energies. 
This  is  consistent  with  an  ensemble  of  Si  atoms  being  bonded  to  1.  2.  3  or  4  Se  atoms  (bonding  to  four 
Se  »A.loms  corresponds  to  the  compound  SiS«*2*-  After  the  550  'C  anneal,  the  majority  of  the 
chemically  shifted  intensity  is  in  the  first  two  peaks.  This  also  is  found  to  be  the  case  for  a  ZnSe  film 
deposited  on  Si  and  then  annealed  so  that  all  of  the  Zn,  but  not  all  of  the  Se  is  re  evaporated  I  Fig 
Uc)l.  For  a  monolayer  of  Se  to  be  bonded  to  SiUOO)  as  shown  in  the  schematic  structure  in  Fig.  1, 
only  the  26  chemical  shift  should  be  present  in  the  SXPS  spectra  and  the  presence  of  a  1 6  chemical 
shift  indicates  that  the  surface  is  not  fully  passivated.  This  result  and  other  subsequent  Se 
deposition  methods  have  failed  to  achieve  a  well  ordered  Se-terminated  surface.  At  low  substrate 
temperatures,  the  surface  is  fully  covered  and  disordered  and  at  higher  surface  temperatures  the 
surface  cannot  be  fully  covered.  Presumably  this  is  due  to  the  competition  between  surface  ordering 
and  the  etching  of  the  surface  which  place  via  the  evolution  of  the  volatile  SiSe  molecule  16).  It 
should  also  be  noted  that  ordered  layers  of  S  do  not  occur  on  Si(lOO)  17)  whereas  they  have  been 
obtained  for  S  on  Gel  100)  131.  This  again  implicates  the  reactivity  of  Si  with  group  VI  atoms  and  the 
existence  of  volatile  SiSe,  SiS  (and  SiO)  molecules. 

We  will  show  in  the  following  sections  that  the  interaction  of  Se  with  the  Si  substrate  also 
dominates  the  initial  stages  of  ZnSe  growth  on  Si. 
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GROWTH  OF  ZnSe  ON  Si  AT  ELEVATED  TEMPERATURES 

Early  results  found  that  ZnSe  could  he  grown  epitaxially  on  Si  with  MBE  by  carefully 
controlling  the  Zn  to  Se  flux  ratio  at  the  substrate  I8.9I.  Park  and  Mar  1 9l  found  that  the  best  results 
could  be  obtained  by  slowly  ramping  up  the  Se  flux  while  holding  the  Zn  flux  constant.  In  the 
absence  of  any  Se  flux  the  sticking  coefficient  of  Zn  on  the  surface  was  found  to  be  zero  at  the 
substrate  temperature  of  330  “C  that  was  used.  It  was  concluded  that  the  growth  must  be  initiated  at 
a  slow  rate  AND  that  the  flux  of  Zn  should  be  greater  than  the  Se  flux  at  the  initiation  [9}  Epitaxial 
growth  presumably  occurred  because  the  excess  of  Zn  atoms  prevented  the  Se  and  Sv  atoms  from 
reaching  one  another  and  forming  SiSe2 

When  both  Se  and  Zn  are  supplied  to  the  surface  at  the  onset  of  growth,  the  reactivity  between 
Si  and  Se  dominates.  This  is  shown  in  Fig  2  where  the  Si  2p  core  level  spectra  for  ZnSe  deposited  on 
Si  at  both  RT  and  300  C  are  contrasted  to  those  for  GaAs  deposited  on  Si  at  elevated  temperature 
We  see  large  chemical  shifts  m  the  ZnSe-on-Si  case  which  are  indicative  of  the  SiSe^  formation, 
especially  for  the  300  C  deposition  A  TEM  image  for  a  thick  film  whose  growth  was  initiated  at  300 
"C  is  shown  in  Fig-  3.  This  figure,  and  other  images  of  the  same  film,  show  the  presence  of  a  70  nm 
amorphous  film  directly  on  top  of  the  Si  substrate  and  a  polycryslalline  film  above  that  The  SXPS 
results  (4.5|  suggest  that  the  thick  amorphous  film  observed  consists  of  SiSe^  The  ?mali  '■  5  to  7  nm 


Figure  2.  Comparison  between  the  Si  2p  photoemission  core  level  spectra  for  GaAs  on  Si  and  ZnSe 
on  Si  <from  ref.  5).  The  increased  reactivity  of  ZnSe  with  Si  compared  to  GaAs-on-Si  is  shown  by  the 
presence  of  large  chemical  shills  corresponding  to  Si  atoms  bonded  to  4  Se  atoms 


Figure  3,  TEM  cro<«  section  ((Oil)  projection!  of  a  ZnSe  film  deposited  on  Si  at  300  ’C  An 
amorphous  Si  film  has  been  evaporated  onto  the  ZnSe  layer  to  provide  piotection  during  TEM 
thinniug. 

inclusions  that  can  be  seen  within  the  amorphous  layer  are  likely  to  be  small  Zn  or  ZnSe  crystals. 
The  transition  between  the  amorphous,  reacted  layer  and  the  polycrystalline  ZnSe  layer  is  likely  to 
occur  once  silicon  atoms  are  unable  to  diffuse  fast  enough  to  the  surface  or  once  Se  atoms  are  unable 
to  diffuse  fast  enough  to  the  interface.  We  would  thus  expect  the  thickness  of  the  amorphous  layer  to 
be  very  sensitive  to  growth  rate  and  substrate  temperature.  We  note  that  other  films  grown  in  this 
temperature  regime  also  show  reaction  between  the  Si  substrate  and  the  ZnSe  overlayer. 

ZnSe  FILMS  ON  Si  BY  ROOM  TEMPERATURE  DEPOSITION  AND  SOLID  PHASE 
EPITAXY 

On  the  basis  of  the  results  presented  in  the  previous  section,  some  method  to  limit  the  degree 
of  reactivity  between  Si  and  Se  is  necessary  Lowering  the  substrate  temperature  during  deposition 
is  one  possibility.  Subsequent  annealing  and  crystallization  may  then  take  place  without  large 
numbers  of  Se  atoms  being  able  to  reach  the  Si  because  the  Se  atoms  are  tied  down  by  bonding  to  Zn 
atoms. 

A  series  of  ZnSe  films  was  grown  by  room  temperature  deposition  followed  by  solid  phase 
epitaxy  (SPE)  [10|.  It  was  found  using  LEED  and  TEM  that  annealing  films  for  2  minutes  at  500  "C 
gave  crystalline  films  without  any  significant  reaction  between  the  ZnSe  and  the  Si  substrate. 
Annealing  at  600  "C  did  cause  a  reaction  to  take  place.  A  cross  section  TEM  image  of  a  50  nm  ZnSe 
film  on  Si(lOO)  is  presented  in  Fig  4.  There  is  no  evidence  for  the  formation  of  an  amorphous  layer 
between  the  Si  and  the  ZnSe.  The  ZnSe  film  also  has  a  characteristic  orientation  relative  to  the 
substrate.  The  inset  in  Fig.  4  shows  the  electron  diffraction  pattern  that  was  obtained  from  the  same 


196 


Figure  4.  (a)  TEM  cross  section  in  the.  (Ollj  projection,  of  a  ZnSe  film  deposited  on  Si  at  room 

temperature  and  then  annealed  for  2  minutes  at  500  The  1 1001  vector  for  the  substrate  is  4’  from 
the  interface  normal  and  has  a  component  towards  the  right  of  the  figure.  The  inset  is  an  electron 
diffraction  pattern  of  the  same  area. 


area  of  the  interface.  Several  conclusions  can  be  drawn  from  the  figure:  (i)  the  film  is  uniform  in 
thickness;  (ii)  the  diffraction  pattern  shows  that  the  ZnSe  crystal  is  tilted  with  respect  to  the  Si 
substrate;  and  fiii)  a  large  number  of  crystal  defects  tilting  from  the  lower  right  to  the  upper  left  are 
seen.  The  misorientation  angle  was  measured  for  a  number  of  films  deposited  in  the  same  manner 
and  was  found  to  be  5'’±  V’  with  the  same  orientation  sense  relative  to  the  surface  offcut  in  all  cases. 
A  film  grown  on  a  15°  offcut  substrate  also  had  a  4°  misorientation  showing  that  the  misorientation 
was  insensitive  to  the  offcut  angle.  Tilts  have  been  seen  in  many  heteroepitaxial  systems  grown  on 
off'CUt  substrates,  but  no  simple  models  for  their  origin  seem  to  explain  all  of  the  present  data. 
Lattice  mismatch  is  not  the  only  important  parameter.  This  can  be  seen  dramatically  by  comparing 
results  for  GaAs  on  Si  substrates  with  similar  offcut  angles  to  those  in  this  study  Although  GaAs- 
on  Si  has  close  to  the  same  mismatch  ('^4%)  as  ZnSe  on  Si.<i)  the  tilts  are  in  the  opposite  direction  to 
those  found  here  (i.e.  the  (1001  vector  of  the  ZnSe  is  tilted  towards  the  surface  normal  for  GaAs-on-Si 
and  away  from  the  normal  for  ZnSe-on*Si)  and  (ii)  the  tilts  have  a  magnitude  in  the  range  of  0  to  0.3" 
(11*14)  for  GaAs-on-Si,  which  is  much  smaller  than  the  value  of  5"±r  that  we  have  measured  in  our 
RT  deposited  and  SPE  ZnSe  on-Si  films.  We  also  note  that  ZnSe  grown  on  4"  off-axis  Ge(100(  (151 
(lattice  mismatch  —0.2%)  has  a  tilt  of  0,5"  in  the  same  direction  as  our  results  for  ZnSe  on  Si.  As  we 
discuss  later,  we  believe  that  the  tilt  for  ZnSe  on  Si  is  related  to  the  presence  of  small  areas  of  SiSe, 


High  resolution  images  [10,16]  revealed  a  large  number  (around  50%  of  the  total  cross- 
sectional  area)  of  twinned  areas  all  of  which  were  oriented  on  only  one  of  the  two  possible  sets  of 
{111}  planes  imaged  in  the  [Oil]  direction.  Fig  5  (a)  shows  the  orientation  of  the  twinned  regions 
relative  to  the  interface.  A  similar  result  has  been  seen  recently  for  GaAs>on-Si  where,  at  large 
distances  from  the  interface,  a  predominance  of  one  of  the  sets  of  planes  over  the  other  was  found 
[17,18].  There  are  several  differences  between  the  observations  we  have  made  and  those  in  the 
GaAs-on-Si  case.  There  was  no  misorientation  observed  for  GaAs-on^Si  and  the  ratio  of  the  majority 
to  minority  stacking  faults  was  10:1  for  GaAs-on-Si  and  is  at  least  200:1  in  our  case  where  we  have 
not  observed  any  minority  orientations  in  any  of  our  films. 
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Figure  5.  Schematic  croas-section,  in  a  [0111  projection,  showing  the  relative  orientations  of  the 
ZnSe  and  Si  crystals,  the  stacking  faults  and  the  interface  for  (a)  a  film  deposited  on  Si(  100)  at  room 
temperature  and  then  annealed  at  500  °C  for  2  min  and  (b)  a  film  deposited  on  arsenic-terminated 
SU100)at300”C. 


ZnSe  FILMS  GROWN  ON  ARSENIC  -  TERMINATED  Si 

Following  a  suggestion  by  Chadi  (191,  we  have  grown  ZnSe  films  on  As-terminated  SillOO). 
The  advantage  of  this  approach  is  that  a  monolayer  of  As  at  the  interface  between  Si  and  ZnSe  allows 
all  of  the  Si,  As,  Zn  and  Se  atoms  to  be  fully  coordinated.  This  structure  is  shown  schematically  in 
Fig.  6.  When  As  is  bonded  to  Si(lOO)  it  has  bonds  to  two  Si  atoms,  contributing  two  electrons  and 
having  three  electrons  left  over  for  bonding  to  the  neat  layer.  This  is  the  same  as  Se  in  bulk  ZnSe 
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Figure  6.  Schematic  atomic  structure  for  ZnSe  grown  on  arsenic-terminated  Si(lOO)  1 19 1. 


which  contributes  three  electrons  to  bonds  to  the  Zn  layer  below  it  and  three  electrons  to  bonds  to  the 
Zn  layer  above.  A  Si(  100)  surface  with  a  layer  of  As  therefore  appears  qualitatively  the  same  to  a  Zn 
atom  as  does  a  Se  layer  terminating  bulk  ZnSe.  Bonding  between  Si  and  ZnSe  exclusively  via  bonds 
between  Si  and  Zn  atoms  or  via  bonds  between  Si  and  Se  atoms  cannot  fully  coordinate  all  of  the 
atoms  in  the  system. 


A  second  and  related  advantage  of  using  As-terminated  Si(  100)  as  the  substrate  is  that  the  As 
monolayer  prevents  the  direct  interaction  of  Si  and  Se  to  form  Si-Se  compounds.  Because  As 
monolayers  are  stable  up  to  temperatures  of  750  °C  it  is  possible  to  grow  ZnSe  on  Si(100):As  at  the 


Figure  7.  TEM  cross  section  in  the.  [0111  projection,  of  a  ZnSe  film  deposited  on  arsenic-terminated 
Si  at  300  °C.  The  1 100|  vector  for  the  substrate  is  4"  from  the  interface  normal  and  has  a  component 
towards  the  right  of  the  figure.  The  inset  is  a  schematic  atomic  structure  of  the  interface  region. 


J 


preferred  growth  temperature  for  ZnSe  homoepitazy  of  around  300  ”C.  In  Fig.  7,  we  show  a  TEM 
image  of  a  ZnSe  film  grown  at  300  "C  on  Si(100):A8.  The  film  can  be  seen  to  be  very  uniform  in 
thickness  and  there  is  no  evidence  of  any  reaction  to  form  an  amorphous  layer  at  the  interface.  In 
contrast  to  the  ZnSe  films  formed  by  RT  deposition  on  clean  Si(lOO)  plus  SPE,  no  large  twinned 
regions  are  observed  in  this  image  or  for  any  of  the  other  films  that  we  have  grown  on  Si(li00):As. 
This  contrast  is  summarized  in  Fig  5. 

COMPARISON  OF  GROWTH  METHODS 

The  dominant  effect  in  the  initial  stages  of  growth  of  ZnSe  on  Si  is  the  tendency  of  Si  and  Se  to 
react  with  one  another  to  form  SiSe2.  We  have  shown  that  growth  at  the  ZnSe  homoepitaxial 
temperatures  of  around  300  “C  is  not  viable  if  both  Se  and  Zn  atoms  can  reach  the  clean  Si  surface. 
Successful  growth  methods  have  to  overcome  this  tendency.  One  approach  is  to  force  the  first 
monolayer  banded  to  the  Si  surface  to  be  Zn  as  was  shown  to  work  for  thick  films  191.  The  problem 
with  this  method  is  that  a  ...Si-Si-Zn-Se-Zn-Se...  layer  sequence  does  not  fully  coordinate  the 
interface  atoms  and  leads  to  a  dipole  at  the  interface.  It  is  possible  that  intermixing  between  Si  and 
Zn  can  overcome  this  effect  (in  analogy  to  the  effects  that  have  been  proposed  for  the  GaAs  on  Si 
caseUOj),  but  any  intermixing  will  probably  allow  partial  formation  of  SiSej.  The  difference 
between  the  ZnSe  crystal  structures  obtained  for  growth  at  RT  on  clean  Si(lOO)  plus  SPE  and  the 
growth  on  As-terminated  Si(lOO)  at  300  °C  which  are  summarized  in  Fig  5  indicates  that  partial 
formation  of  SiSe,  is  also  occurring  for  the  RT  plus  SPE  case.  This  is  suggested  by  the  partial  loss  of 
epitaxy  (crystal  misorientation  and  the  presence  of  large  regions  of  twinned  ZnSe)  for  RT  deposition 
on  Si(lOO)  plus  SPE.  (We  note  that  RT  deposition  plus  SPE  for  growth  on  As-terminated  Sit  100) 
gives  the  same  results  as  deposition  at  300  “C  on  Si(100):As  showing  that  it  is  the  presence  of  the  As 
layer  that  makes  the  difference  and  not  the  SPE  mechanism).  Analysis  of  the  twinned  regions  shows 
that  the  (111)  planes  make  a  small  angle  with  the  interface  plane  if  the  ZnSe  is  misoriented  in  the 
direction  that  is  observed.  We  have  therefore  proposed  (16]  that  the  misorientation  plus  the 
twinning  are  a  result  of  ZnSe  nucleating  with  a  (111)  plane  close  to  the  interface  in  regions  where 
there  is  sufficient  reaction  between  Si  and  Se  to  disrupt  epitaxy. 

ZnSe  AS  AN  INTERLAYER  BETWEEN  GaAs  ON  Si. 

The  ZnSe  films  produced  by  deposition  on  SidOOl.As  are  particularly  uniform  and  are 
therefore  of  considerable  promise  as  interlayers  between  Si  and  GaAs.  The  use  of  a  ZnSe  interlayer 
has  been  proposed  (21,10)  because  it  has  two  advantages  over  direct  growth  of  GaAs  on  Si.  ZnSe  is 
softer  than  either  GaAs  or  Si  (the  Knoop  hardnesses  for  Si,  GaAs  and  ZnSe  are  1150,  750  and  150 
respectively).  This  suggests  that  it  is  possible  that  dislocations  can  be  forced  to  reside  in  the 
interlayer  instead  of  propagating  into  the  GaAs  film,  and  that  dislocations  in  the  GaAs  can  be 
squeezed  out  into  the  ZnSe  layer  by  thermal  cycling  sequences.  The  second  advantage  is  that  ZnSe 
films  with  uniform  thickness  can  be  grown  on  Si  at  thicknesses  where  GaAs  films  grown  directly  on 
Si  are  dominated  by  island  formation  and  coalescence.  The  ZnSe  therefore  serves  initially  as  a  good 
template  for  GaAs  growth  (the  lattice  constants  and  thermal  expansion  coefficients  of  GaAs  and 
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ZnSe  are  comparable  compared  with  their  differences  to  those  of  Sil  and  then  after  the  GaAs  is  grown 
the  ZnSe  serves  as  a  sink  for  dislocations. 

The  use  of  a  thick  (0.5  pm)  ZnSe  film  as  in  interlayer  in  metal  organic  chemical  vapor 
deposition  (MOCVD)  growth  of  GaAs-on-Si  has  been  described  recently  |22|  and  the  authors  of  that 
study  found  that  the  resulting  GaAs  was  of  better  quality  than  control  samples  in  which  no  ZnSe 
layer  was  present.  Here,  we  examine  the  growth  modes  of  very  thin  layers.  The  use  of  thin  layers 
has  the  advantage  that  a  dislocation  net  can  be  kept  very  close  to  the  substrate.  We  will  show  that 
very  uniform  films  of  ZnSe  and  GaAs  with  a  combined  thickness  of  around  0.1  pm  can  be  grown  on 
Si. 


GaAs  growth  on  ZnSe  is  considerably  more  difflcult  than  the  much-studied  inverse  growth  of 
ZnSe  on  GaAs  because  the  optimum  temperature  for  GaAs  growth  is  high  compared  with  that  (~300 
"C)  used  for  ZnSe  MBE.  Nevertheless,  epitaxial  growth  of  GaAs  on  high  quality  ZnSe  layers 
(epitaxially  grown  on  GaAs  substrates)  has  been  achieved  recently  1 23-25].  In  the  case  of  ZnSe  as  an 
interlayer  between  Si  and  GaAs,  we  wish  to  keep  the  ZnSe  layer  on  Si  as  thin  as  possible  and 
therefore  the  growth  of  GaAs  must  occur  on  a  surface  that  is  not  yet  completely  smooth.  Growth  at 
temperatures  above  about  300  “C  was  found  to  cause  island  formation  of  the  GaAs  and,  on  the  other 
hand,  deposition  at  RT  followed  by  SPE  gave  a  mixture  of  epitaxial  and  polycrystalline  GaAs.  For 
GaAs  films  thicker  than  some  minimum  value,  we  have  found  that  by  slowly  ramping  the 
temperature  during  growth  good  quality  overlayers  can  he  obtained.  The  TEM  image  in  Fig.  8.  is 


(b)  a-Si 


Figure  8.  TEM  cross  section  in  the,  (0111  projection,  of  a  ZnSe  interlayer  deposited  on  arsenic- 
terminated  Si  at  300  "C  and  a  GaAs  film  grown  onto  this  interlayer  as  discussed  in  the  text. 


from  a  GaAs  film  that  was  deposited  at  temperatures  between  190  “C  and  500  °C.  Specifically,  after 
the  ZnSe  film  was  grown  at  300  °C  on  SidOOlrAs,  the  substrate  was  held  at  300  °C  while  the  As  and 
Ga  sources  were  warmed  up,  then  the  substrate  temperature  was  dropped  to  190  "C.  The  GaAs  was 
grown  for  3  minutes  at  each  of  the  temperatures  in  the  sequence:  190,  225,  250,  300,  350,  400,  450 
and  500  °C. 

The  TEM  image  shows  that  the  GaAs  film  is  epitaxial  with  respect  to  the  ZnSe  interlayer  and 
to  the  Si  substrate.  It  has  a  relatively  uniform  thickness  with  good  surface  morphology.  There  is  no 
evidence  of  growth  via  island  formation  and  coalescence  and  the  interface  between  the  ZnSe  and  the 
GaAs  is  rather  featureless.  The  major  defects  present  in  the  ZnSe  interlayer  are  microtwins  and 
some  of  these  terminate  at  the  ZnSe-GaAs  interface  and  others  propagate  into  the  GaAs  film. 

CONCLUSIONS 

We  have  shown  that  thin  uniform  films  of  ZnSe  can  be  grown  on  Si(lOO)  either  by  RT 
deposition  plus  SPE  or  by  deposition  at  300  'D  onto  an  arsenic-terminated  Si(lOO)  surface.  In  the 
latter  case  the  ZnSe  crystal  quality  is  superior.  We  have  also  presented  results  for  the  use  of  these 
ZnSe  films  as  interlayers  for  the  growth  of  GaAs  on  Si.  We  found  that  good  uniform  GaAs  films  could 
be  formed  at  thicknesses  where  GaAs  grown  directly  onto  Si  is  usually  affected  by  island  formation. 
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ABSTRACT 

Striking  progress  in  the  development  of  II-VI  semiconductor 
heterostructures,  coupled  with  seminal  advances  in  doping,  has 
very  recently  led  to  the  first  demonstration  of  blue  and 
blue/green  diode  lasers  operating  from  cryogenic  to  room 
temperature.  The  active  region  in  these  devices  was  based  on  the 
( Zn, Cd) Se/ZnSe  multiple  quantum  wells  (MQW)  which  had  earlier 
been  actively  studied  as  a  candidate  for  laser  medium  by  optical 
pumping  techniques.  We  report  on  the  performance  of  such  MQW 
diode  lasers  with  emphasis  on  structural  versatility  in  terms  of 
preparation  on  both  p-type  and  n-type  GaAs  substrates,  and  where 
sulfur  is  or  is  not  incorporated  for  blue/green  color  lasing.  In 
this  work  we  have  obtained  pulsed,  high  power,  high  quantum 
efficiency  laser  emission  up  to  near  room  temperature  conditions. 
Efficient  LED  devices  are  described  which  operate  in  the  blue 
(494nm)  at  room  temperature. 


Recently,  Park  et  al  (1)  and  Ohkawa  et  al  [2],  have  reported 
significant  levels  of  p-doping  in  ZnSe  using  a  nitrogen  plasma 
source.  The  use  of  the  nitrogen  plasma  source  has  since  resulted 
in  the  realization  of  pn  junction  light  emitting  devices 
operating  in  the  blue  and  blue/green  portion  of  the  spectrum  such 
as  pulsed  lasers  (3M  [3]  and  Brown/Purdue  (4,5J)  and  light 
emitting  diode  (LED)  structures  (Park  et  al  [1),  Purdue/Brown 
[6,7],  Matsushita  et  al  [8)1. 

The  several  types  of  laser  and  LED  structures  described  in 
this  paper  include  devices  fabricated  both  with  and  without 
alloys  containing  sulfur.  Schematic  device  structures  are  shown 
in  Fig.  1.  The  ZnSe-based  structures  have  ZnSe/ (Zn, Cd) Se 
multiple  quantum  wells  (MQW)  inserted  in  a  ZnSe  p-n  homo junction, 
while  the  Zn (S, Se) -based  structures  consist  of  Zn (S, Se) / (Zn, Cd) Se 
MQWs  placed  in  a  p-n  homo junction  formed  from  Zn(S,Se)  layers. 
The  Zn (S,  Se) -based  structures  have  essentially  the  same  device 
configuration  as  the  ZnSe-based  configurations,  except  ZnSe  was 
replaced  by  Zn(S,Se)  with  a  S  mole  fraction  ■'f  about  7%. 
((In,Ga)As  buffer  layer  is  replaced  by  GaAs  layer.)  For  lasing, 
the  waveguiding  is  provided  by  the  index  difference  between  the 
MQW  region  and  the  adjacent  binary  or  S-containing  alloy.  In  an 
additional  configuration  (ZnSe-Zn (S, Se) -based  structures),  the 
ZnSe/Zn (Cd, Se)  MQW  region  is  positioned  within  a  ZnSe  region 
which  is  itself  bounded  by  Zn(S,Se)  "cladding"  layers.  Optical 
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Figure  1  Schematic  device  structures  used  in  this  study 
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confinement  calculations  suggest  that  the  main  role  of  the 
cladding  layers  is  the  formation  of  a  "reservoir”  for  carriers. 
Photoluminescence  measurements  of  (Zp,Cd)Se  epilayers  were  used 
to  determine  the  Cd  fraction  t9) •  Dislocations  in  all  laser  and 
LED  device  structures  can  be  dramatically  reduced  by  growing  the 
II-VI  active  region  on  an  appropriate  III-V  buffer  layer,  and  in 
the  case  of  the  structures  containing  sulfur,  by  correct  choice 
of  the  S  fraction.  Additional  details  of  the  microstructural 
analysis  is  included  elsewhere  in  these  proceedings  110). 

All  the  samples  were  grown  in  a  Perkin  Elmer  MBE  system 
providing  separate  growth  chambers  for  the  II-VI  and  III-V 
epilayer  growth.  Devices  were  grown  on  both  n  and  p-doped  GaAs 
substrates.  In  the  case  of  those  ZnSe-based  laser  and  LED 
structures,  a  4pm  thick  (In,Ga)As  buffer  layer  was  grown  at  a 
substrate  temperature  of  520Oc.  The  (In,Ga)As  layers  were  doped 
n-type  using  PbTe  [11],  or  p-type  using  Be.  For  the  structures 
employing  Zn(S,Se)  layers,  a  1.5pm  GaAs  buffer  layer  was  grown 
(at  580°C  for  p-type,  and  520°C  for  n-type)  using  the  same  dopant 
sources  as  for  the  (In,Ga)As.  The  III-V  buffer  layers  were 
transferred  to  the  II-VI  growth  chamber  under  ultra  high  vacuum. 
The  II-VI  structures  were  nucleated  at  240-245°C.  Elemental 
sources  were  used  for  Zn,  Se,  and  Cd;  the  Zn(S,Se)  layers  were 
grown  using  a  ZnS  compound  source  in  combination  with  appropriate 
Se  and  Zn  fluxes  (12,13).  The  Zn,  Se,  and  Cd  source  materials 
were  supplied  by  Osaka  Asahi;  the  ZnS  material  was  provided  by 
Sumitomo  Electric.  A  ZnCl2  source  (14-16)  was  used  for  n-doping. 
The  various  flux  ratios  were  measured  using  a  crystal  monitor 
placed  at  the  substrate  position.  An  Oxford  Applied  Research 
plasma  source  was  used  for  the  nitrogen  doping(l,2). 

(400)  and  (511)  x-ray  diffraction  peaks  are  used  to  evaluate 


the  tetragonal  distortion  of  the  (In,Ga)As  buffer  layers;  the 
lattice  mismatch  was  only  partially  relaxed  by  misfit 
dislocations  despite  the  fact  that  the  thickness  of  the  buffer 
layers  was  far  greater  than  the  theoretically  predicted  critical 
thickness.  In  cross-sectional  TEM  images  of  the  (ln,Ga)As 
epilayers,  evidence  of  threading  dislocations  was  found  only  in 
the  regions  close  to  the  ( In, Ga) As/GaAs  interfaces.  Plan-view 
imaging  revealed  dislocation  densities  in  the  upper  parts  of  the 
(In,Ga)As  buffer  layers  to  be  in  the  range  of  10^  cra“^  or  lower. 
The  dislocation  densities  estimated  from  the  ZnSe-based  II-VI 
regions  grown  on  Ing , 043^30 . 957*s  buffer  layers  were  found  to  be 
in  the  lower  range  of  106  cm~2.  For  the  ZnSe-Zn ( S, Se) -based 
structures,  the  TEM  images  indicated  an  estimated  dislocation 
density  of  10®  cm'2  in  the  Zn(S,Se)  layers,  while  the  dislocation 
densities  in  the  MQW  optical  gain  regions  were  estimated  at  10^ 
cm~2  . 

The  Zn (S, Se) -based  structures  were  grown  with  a  sulfur 
fraction  of  7%.  X-ray  rocking  curves  were  obtained  using  a  four 
crystal  Si  monochrometer.  The  full  widths  at  half  maxima  (FWHM) 
of  (400)  x-ray  diffraction  peaks  obtained  from  the  ZnSg . . 93 
layers  ranged  between  20  and  55  arcsec.  These  values  are 
unusually  narrow  for  such  compounds  (13),  but  are  consistent  with 
the  lack  of  dislocations  observed  in  transmission  electron 
microscopy  (TEM)  imaging;  images  of  all  observed  areas  show  that 
the  Zn (S, Se) /GaAs  interfaces  are  free  from  misfit  dislocations, 
indicating  that  the  entire  II-VI  epilayer  remains  pseudomorphic 
to  the  GaAs  buffer  layer. 

Previous  optical  studies  of  (Zn,  Cd) Se/ZnSe  quantum  well 
structures  indicated  that  the  injection  emission  from  both  the 
laser  and  LED  structures  originated  from  the  (Zn,Cd)Se  MQW  region 
117).  The  turn-on  voltage  (V^)  for  forward  conduction,  typically 
5  volts,  but  as  low  as  about  3  volts,  was  found  to  be  coincident 
with  the  observation  of  incoherent  light  emission  emanating  from 
the  cleaved  facets  with  a  spectrum  typical  of  the 
photoluminescence  observed  from  the  (Zn,Cd)Se  quantum  wells.  We 
note  that  the  turn  on  voltage  for  the  devices  having  a  p'''-ZnSe 
top  layer  was  somewhat  higher  (typically  =12  V);  the  difference 
is  likely  due  to  a  larger  potential  barrier  at  the  Au-contact . 
Although  laser  operation  is  similar  for  both  polarities  of  a 
specific  structure,  the  LED  operation  of  devices  formed  on  p-GaAs 
are  found  to  be  somewhat  brighter  than  those  grow  i  on  n-GaAs;  the 
difference  is  attributable  to  the  difficulty  of  forming  an  ohmic 
contact  to  p-ZnSe. 

Laser  device  configurations  (with  or  without  S)  consisted  of 
600  Urn  to  1mm  long  cleaved  resonator  structures  having  20-40  )lm 
wide  stripe  electrodes  at  the  top.  Indium  was  usually  evaporated 
as  the  contact  for  those  structures  having  an  n''^-ZnSe  top  layer; 
gold  was  used  to  contact  the  p-type  top  layers.  The  structures 
having  a  Cl-doped  top  layer  exhibit  a  substantial  current 
spreading,  especially  at  T=77  K  (and  below) ;  these  laser 
structures  were  fabricated  in  a  mesa  configuration.  Laser 
emission  from  both  the  mesa  and  the  broad  area  devices  (the 
former  grown  on  p-III-V  and  the  latter  on  n-III-V  epilayers, 
respectively)  was  obtained  under  pulsed  excitation.  The  current 
pulse  duration  was  varied  from  100  to  500  nsec,  with  duty  cycles 
ranging  from  10“^  to  5x10“^.  It  is  important  to  emphasize  that 
lasing  was  obtained  from  each  of  the  different  devices 
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Figure  2.  The  figure  shows  the  output  power  per 
(uncoated)  facet  as  a  function  of  injected  current 
density  for  typical  laser  devices  of  both  polarities  at 
T=77K.  The  left  one  is  grown  on  a  p-type  GaAs  substrate, 
while  the  right  one  is  grown  on  an  n-type  GaAs  substrate. 


configurations  discussed  in  this  paper,  and  for  structures  grown 
on  both  n  and  p-type  substrates. 

Figure  2  shows  the  output  power  per  (uncoated)  facet  as  a 
function  of  injected  current  density  for  typical  ZnSe-Zn (S, Se) 
based  laser  devices  of  both  polarities  at  T=77K.  The  threshold 
current  densities  for  the  two  polarities  is  similar, 
approximately  850  A/cm^.  The  differential  quantum  efficiency  of 
both  device  polarities  is  rather  similar  and  equals  approximately 
^ext  “  facet.  The  quantum  efficiency  decreases  with 
increased  temperature.  At  this  time,  the  laser  devices  have  been 
perated  up  to  250K  with  uncoated  facets. 

LED  devices  emitting  in  the  blue  (49‘Jnm)  at  room  temperature 
were  prepared  by  cleaving  the  Zn (S, Se) -based  heterostructures 
into  2x2  mm^  pieces  which  were  contacted  by  a  small  indium  dot  (= 
500  Urn  in  diameter)  .  The  room  temperature  spectrum  of  the 
Zn(S,Se)  device  is  shown  in  Figure  3.  Lateral  transport  was 
found  to  be  quite  effective  in  the  present  heterostructures,  as 
was  the  case  for  previously  reported  display  devices  [18]  so  that 
LED  emission  over  the  entire  front  surface  of  the  devices  was 
uniformly  visible.  The  optical  power  was  measured  with  a  optical 
power  meter,  and  represents  total  emission  in  the  forward  27t 
steradian  solid  angle  through  the  entire  n-Zn(S,Se)  surface.  The 
voltage  applied  across  the  entire  device  corresponding  to  the 
highest  light  output  power  (P  =  120  JIW)  was  =  20V;  however  it 
is  probable  that  most  of  this  voltage  is  needed  to  overcome  the 
built-in  contact  barriers  in  order  to  achieve  adequate  initial 
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Figure  3.  Room  temperature  electroluminescence  spectrum 
of  the  Zn(S,Se)  based  LED. 


current  flow.  Considerable  improvement  in  the  overall  quantum 
efficiency  can  thus  be  anticipated  when  such  contact  problems  are 
solved.  Nonetheless,  the  powers  are  sufficient  to  suggest  the 
importance  of  such  ( Zn, Cd) Se 7 Zn ( S, Se)  QW  LEDs  for  display 
applications.  (In  the  case  of  the  ZnSe-based  structures,  the 
emission  wavelengths  is  about  5080A  in  the  blue-green  at  room 
temperature . ) 
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ABSTRACT 

Cd^  j^Znj.Te  crystals  grovm  by  the  travelling  heater  mechode  ^'THM)  have 
been  investigated  by  low  t€?mperature  photoluminescence  (PL).  The  excitonic 
energy  gap  as  a  function  of  the  allov  composition  was  d€‘termined  for  the 
complete  range  of  x  *  0  to  .x  =  1.  The  composition  dependent  broadening  of 
the  neutral  acceptor  bound  exciton  (A^X)  line  was  measured  and  compared  to 
theoretical  calculations.  The  Donor  -  Acceptor  pair  luminescence  in  the 
crvscal.y  is  a  superposition  of  recombinat  ions  due  to  residual  Cu  acceptors 
and  A  •  centers  (  anion  vacancy  -  donor  pairs  ). 


1.  INTRODUCTION 

The  tcrnarv  11  -  VI  compound  semiconductors  are  direct  energy  gap 

materials  with  potential  applications  for  optoelectronic  devices.  For  Cdi 
Zn^Te  tile  energy  gap  is  tunable  from  1.5  Co  2.3  eV  at  room  temperature  [1]. 
for  X  ■*  0  and  x  =  1,  respectively.  However,  applications  arc  strongly 

limited  up  to  now  by  severe  selfcompensation  mechanisms  acting  in  the  wide 
gap  materials.  It  is  thought  to  be  the  reason  why  ZnTe  grows  only  p-type. 
CdTe  on  the  other  band  can  be  obtained  p-  or  n-type  by  doping.  It  is 

therefore  an  interesting  task  to  study  the  ternary  compound  Cd^_^Zn^Te  in 

view  of  its  optical  properties  in  order  to  characterize  crystal  quality  and 
to  study  the  radiative  relaxation  in  the  material.  One  interesting  aspect  is 
that  the  excitonic  recombination  in  the  ternaries  show  line  broadening 
effects  caused  by  the  statistical  cation  (Zn.  Cd)  fluctuations  [2]. 

Our  investigation  reports  on  low  teraperaturo  PL  results  oiitained  in  THM 
grown  Cd^  ^Zn^Te  crystals  for  the  complete  composition  range  of  x  =  0  to  x  = 
1,  The  ..  ictonic  line  broadening  effects  due  to  the  alloy  fluctuations  hav‘- 
been  studied  in  detail.  The  result.s  are  discussed  in  the  framework  of 
existing  theories  caking  into  account  the  detailed  nature  ol  the  neutral 
acceptor  bound  exciton  ai'd  considering  the  conduction/valence  band  offset 
between  CdTe  and  ZnTe.  The  Donor  -  Acceptor  pair  recombination  which  causes 
in  CdTe  the  prominent  1.62  rV  PL  band  [3]  has  been  invo.st  igated  as  a 

function  of  the  alloy  composition.  The  results  show  that  the  involved 

acceptors,  Cu  and  A  -  center.*;,  have  similar  properties  over  the  complete 
composition  range  from  CdTe  to  ZnTe. 


2.  EXPERIMENTAL  DETAILS 

The  Cd^_^Zn^Te  crystals  were  grown  from  a  CdTe  seed  in  a  Te  zone  witli 
a  ZnTe  reservoire  at  800  with  a  rate  of  3mm/d.  As  starting  materials  CdTe 
and  ZnTe  from  melt  ■  and  gasphase-  growth  were  used,  respectively.  The 
undoped  crystals  contained  as  residual  impurities  mainly  Li.  P,  Cu.  Ag  and 
Fe .  Details  of  the  THM  growth  furnace  are  described  elsewhere  [4].  Bv  this 
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Fig-  1  : 

Typical  phoColurainescence 
spectra  of  the  excitonic 
regime  in  Cd2^_^Zn^Te  crystals 
for  different  compositions  x 


Energy  (eV) 

technique  crystals  covering  the  complete  x  range  are  obtained  in  one  boule. 
The  composition  of  the  Cd^^^Zn^Te  crystals  was  determined  by  dispersive 
analysis  of  x  rays  (EDAX),  giving  the  x-values  with  an  accuracy  of  better 
than  1% . 

High  resolution  PL  measurements  were  carried  out  in  90  degree  geometry  with 
the  sample  in  contact  to  superfluid  He  at  temperatures  below  2  K.  The  PL  was 
excited  by  the  514  nm  line  of  an  Ar^  ion  laser  with  excitation  powers  of 
less  than  200  mW  (unfocused  beam).  The  PL  light  was  analysed  by  1  m  double 
monochromator  with  a  spectral  resolution  of  1  A.  For  the  detection  a 
photomultiplier  with  SI  response  or  a  LN2  cooled  Ge  detector  was  used. 

3.  EXPERIMENTAL  RESULTS  AND  DTSKUSSION 
3.1  Excitonic  recombination 

The  excitonic  band  gap  as  well  as  the  exciton  linewidths  as  a  function 
of  X,  were  determined  from  PL  measurements.  Typical  PL  spectra  of  our 
samples  are  presented  in  fig.l.  In  the  binary  compound  CdTe  (fig.  2a)  the 
acceptor  bound  exciton  luminesence  lines  (A^^X)  are  found  in  the  range  from 
1.591  to  1.580  eV.  At  higher  energies  weak  structures  duo  to  the  donor  bound 
(D°X)  and  free  (X)  excitons  are  also  visible  (5J.  The  strong  A^X  linos  arise 
from  the  presence  of  Copper.  usually  one  of  the  dominant  residual 
contaminants  in  volume  grown  CdTe  and  ZnTe  {6|  (see  below).  The  neutral  Cu 
bound  exciton  dominates  in  the  excitonic  recombinations  of  both  binarv 
systems.  Since  the  Cu  diffusion  oefficents  both  compounds  are  very 

similar,  we  expect  that  the  Cu  concentration  differ  not  very  muc  also  in 
the  alloy  samples  [7).  We  therefore  assume  that  the  excitoiiic  recombination 
in  CdZnTe  is  also  due  to  the  A^^X  recombination  of  Cu.  The  .shift  of  the 
energetic  position  of  the  A^’X  lines  as  a  function  of  the  allov  compo.sition  x 
is  given  in  fig  2a.  by  the  full  circles.  The  data  of  fig.  2a  have  been  used 
to  calculate  the  excitonic  band  g^ap  variation  The  drawn  liiie 

represents  the  best  fit.  with  the  result;  ^ 

F.(^ox)  -  1.589  +  (0.65f0.01)x  4  (0 .  I9f  0 . 02)x-  for  T=  1 .  (>  K.  (  I  ) 

The  obtained  parameters  are  similar  to  those  of  previous  calculat ions . 
where,  however  no  specifications  about  the  origin  of  the  lines  has  l>oen 
given  (8). In  addition  to  the  energy  shift  a  significant  broadening  of  the 
line  was  observed  in  the  alloy.s.  The  linowidth  amounts  to  I  I  meV  in 
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Fig.  2: 

Energetic  positions  as  a  func¬ 
tion  of  the  alloy  composition  x 
In  Cdj  Zn^Te  : 

a)  of  the  copper  bound  exciton 
recombination  (dots:  experi¬ 
mental  values,  drawn  line: 
calculated) 

b)  of  the  A  -  center  DAP  band 

c)  of  the  Cu  DAP  band 


both  binary  compounds,  whereas  a  maximum  linewidth  of  10  meV  is  obtained  for 
an  alloy  composition  of  x  -  0.67.  In  fig. 3  the  contribution  of  the  binary 
compounds  (1.3  meV)  has  been  substracted. 

In  the  binary  compounds  the  exciton  linewidth  of  the  volume  crystals  was 
lower  by  a  factor  of  4  compared  to  epitaxially  grown  material  (usually  on 
GaAs  substrates).  However,  linewidths  as  narrow  as  0.1  meV  have  already  been 
reported  in  the  literature  [8,9].  A  linewid*:h  of  about  10  meV  seems  to  be 
the  lower  limit  which  can  be  obtained  for  highly  alloyed  samples  (0.3  <  x  < 
0.6)  and  it  seems  to  be  also  independent  of  growth  technique  used. 

Alloy  broadening  of  the  excitonic  lines  is  caused  by  statistical 
fluctuations  in  the  concentrations  of  the  cations  (Zn.  Te).  Theories 

describing  this  behaviour  were  developed  in  [2.10/.  Assuming  a  Gaussian  line 
shape,  the  broadening  F  of  the  A^X  exciton  line  is  calculated  to  be  [3]: 

F(<7)  =  l/ZIffr  exp  (•c^/2t^)  (  2  ) 

with  a  the  variance  and  r  the  broadening  parameter  which  is  depends  on  the 
type  of  the  electron  -  hole  movement  within  the  A^^X  complex.  A  model  for  the 
description  of  such  A^X  complex  is  the  "pseudo-donor”  model  which  proposes, 
that  the  two  holes  of  the  A^X  complex  form  a  A"''  center  with  an  extension 
smaller  than  the  electron  Bohr  radius  a^.  In  this  case,  the  electron 

attracted  by  the  A'*’  centers  moves  around  the  holes  as  in  a  hydrogen  like 
atom  with  a  radius  a^  •  (id^  is  the  electron  effective  mass  and  f 

the  static  dielectric  constant).  The  binding  energy  of  this  A°X  complex 
is  equal  to  the  sum  of  the  binding  energies  of  the  second  hole  bound  to  the 


neutral  acceptor 


-2h 


and 


The  holes  and 
contributions  to 


AX 

the 

the 


the  hydrogen-like  donor  binding  energy 

bound  to  this  complex  give  independent 
linewidth,  because  their  ranges  of  movement  differ 


'  ^2h 
electron 


significantly.  They  can  be  considered  independently, 
broadening  is  given  by: 


In  this  case  the  alloy 
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dx 


x(x-l) 
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1/2 
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3  3 


Where  the  symbols  have  the  following  meanings  K  “ 

density,  a^  is  the  lattice  constant.  6^  and  6^  are  the  relative  band  offsets 
of  the  conduction  and  valence  band  (6^  =  0.88  and  5^  “0.12  [11])  and 
the  radius  of  the  second  hole. 

The  radius  of  the  second  hole  bound  to  the  neutral  acceptor  ^2]-^  (1-  the 
radius  of  Che  center)  is  known  in  two  limiting  cases.  For  deep  acceptors 
this  radius  is  equal  to  the  radius  of  the  first  hole  2mj^E^  [12], 


the  cation 


'"2h 
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Fig.  3: 

ExcLtonic  line  broadening  as  a 
funccion  of  the  alloy 
composition  x  of 
(full  circles:  experimental 
values,  triangles;  values  taken 
from  ref.  (10] >  drawn  and 
dashed  dotted  line  calcu¬ 
lations,  for  details  see  text  ) 


where  is  the  binding  energy  of  the  deep  acceptor  and  mj^  is  the  effective 
mass  for  heavy  holes.  For  Cu  in  CdTe  this  radius  is  =;  6.6  A. 

For  a  hydrogen  like  A*  center  both  holes  can  also  occupy  one  orbit  with  a 
radius  approximately  two  times  larger  (  1/0.483  ^  compared  to  the  Bohr 
radius  a^.^^  of  heavy  holes  [13].  Tn  CdTe  is  approx. 
17. 2A.  For  our  case  where  the  binding  energy  of  the  Cu  acceptor  (E^  =  149 
meV)  is  comparable  to  the  binding  enery  of  the  shallow  acceptors,  -  37.7 
meV  we  use  an  intermediate  approximation  a|.^“a^/0 . 483  =  13.2  A. 

The  electron  Bohr  radius  in  equ.  3  depends  on  the  alloy  composition  x 
through  m^  and  the  dielectric  constant,  for  which  we  used  linear 
interpolations  between  CdTe  and  ZnTe  The  drawn  line  in  fig.  3  shows  the 
result  of  the  calculations  for  the  "pseudo  donor”  model  in  the  alloy  system. 
One  can  see  that  it  gives  good  agreement  with  the  experimental  data  for  x  up 
to  0,7.  However,  the  model  cannot  explain  the  significant  deviation  for 
compositions  x  >  0.7.  Here  an  abrupt  decrease  of  the  linewidth  is  observed 
from  (5E  -  9.5  meV  at  x  =-  0.7  to  6E  -  6.0  meV  at  x  -  0.77. 

A  mechanism  which  could  decrease  the  expected  alloy  broadening  is  clustering 
of  the  Zn  cations,  which  might  have  happen  due  to  the  special  growth  of  our 
samples  at  high  x  values.  For  clusters  formed  by  n  Zn  cations  the  alloy 
broadened  linewidth  should  decrease  as  Including  this  mechanism  in 
"pseudo  -  donor"  model  would  require  clusters  with  twice  as  much  Zn  ions  to 
explain  the  experimental  data  for  x  >  0.7  (dashed  dotted  line  in  fig.  3). 
Scanning  tunneling  microsepy  investigations  are  under  the  way  to  clarify 
this  point. 


3.2  Donor  -  Acceptor  •  Pair  (DAP)  Luminescence 

One  of  the  prominent  DAP  Luminescence  bands  in  CdTe  has  its  peak 
maximum  at  1.42  eV  and  is  is  structured  by  LO  phonon  replica  with  21  meV 
energy  separation  (see  fig. 4).  It  originates  from  the  recombination  of 
.shallow  donors  and  intermediate  deep  acceptors.  The  nature  of  the  acceptors 
involved  has  been  debated  widely  whether  they  are  due  to  intrinsic  defects 
or  residual  impurities.  It  has  been  shown  that  Cu  gives  rise  to  a  "1.42  eV" 
luminescence  band  in  CdTe.  The  Cu  acceptor  binding  energy  has  been 
determined  to  be  -  145  meV  and  the  intensity  of  the  PL  is  given  by  a 

Poission  distribution: 

I(n)-e'^(s"/n!) 


(  A  ) 
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Fig.  4: 

Donor  -  Acceptor  -  Pair  (DAP) 
luminescence  of  Cd^_^Znj^Te 
crystals  for  different 
compositions  x 


Energy  (eV) 

with  a  Huang-Rhys  factor  of  S  *  1.6  (6)  and  n  the  numbers  of  phonons 
emitted.  In  a  recent  study  {14]  it  has  been  shown  that  also  A  -  centers.  Cd 
vacancy  -  donor  pairs  acting  as  single  acceptors,  give  rise  to  a  "1.42  eV" 
PL  band  in  CdTe.  The  Clorine  A  -  center  has  a  binding  energy  and  Huang  Rhys 
factor  of  »  IZOmeV  and  S  =*  2.2,  respectively.  A  detailed  analysis  of 
"1.42  eV"  PL  lineshape  in  our  CdTe  shows  that  the  observed  spectrum  can  be 
reconstructed  by  the  presence  of  both  defects,  Cu  and  A  -  centers.  For  the 
calculation  we  assumed  a  linewidth  of  20  meV  the  Zero  Phonon  Line  (ZPL)  and 
the  phonon  replicas,  the  position  of  the  ZPL  is  given  by  E(hu)  =  ^gap  '  ' 

neglecting  Coulombic  effects  in  undoped  material.  is  the  shallow 

donor  binding  energy  of  14  raeV  in  CdTe. 

The  DAP  band  in  ZnTe  can  be  reconstructed  in  a  similar  way  by  a 
superposition  of  the  Cu  and  A  '  center  spectrum.  In  this  case  we  used  E^  =* 
17  meV  and  for  the  LO  phonon  energy  26  meV  (1).  The  lineshape  of  the  ZnTe 
DAP  band  of  fig. 4  is  well  reconstructed  when  energies  of  =  150  meV  for 
the  Cu  acceptor,  and  *  160  meV  for  the  A  •  center  were  taken.  For  the  Cu 
acceptor  this  value  is  in  close  agreement  to  the  PL  data  of  ref.  [7] 

149  meV  ).  The  binding  energy  for  A  •  center  (Cd  vacancy  *  Al  donor)  has 
been  determined  to  be  170  meV  from  ODMR  investigations  {15]  compared  to  our 
value  of  160  meV. 

In  the  alloyed  samples  this  analysis  is  much  more  complicated  because  the 
phonon  structure  become.s  less  significant  it  is  completely  absent  in  the 
composition  range  from  x  >  0.2  to  x  <  0.8  (see  fig.  4).  However,  the 
observation  of  a  broad  DAP  band  in  each  of  these  alloy  samples  indicates 
that  both  defects,  Cu  and  A  -  centers,  are  still  present.  The  energy  shift 
of  both  Cu  and  A  -  center  DAP  bands  in  the  alloy  is  consistent  with  our 
calculations  and  included  in  fig.  2. 

It  should  be  noted  that  the  binding  energy  of  Cu  is  almost  independent  of 
the  host,  145  meV  for  CdTe  and  149  meV  for  ZnTe,  this  is  expected  for  3d 
transition  metal  impurities  from  theory  (16j.  Whereas  the  A  -  center  binding 
energy  changes  about  25  X  from  ZnTe  to  CdTe.  Assuming  that  the  Cd  -  vacancy 
is  the  dominating  part  of  the  A  -  center,  the  wavefuneCion  is  set  up  from 
the  dangling  bonds  of  the  Te  neighbors.  In  the  undistorted  lattice  the 
valence  band  is  set  up  mainly  from  the  Te  4p  -  wavefunct  Lons ,  the  energy 
shift  of  the  vacancy  levels  is  therefore  expected  to  be  roughiv  the  same  as 
that  of  the  valence  band  from  one  compound  to  the*  other.  As  shown  in  the 
previous  section  the  valence  band  shift  amounts  to  \2X  of  the  total  energy 
gap  shift  from  CdTe  to  ZnTe.  This  is  only  half  the  value  obtained  for  the  A 
-  center  but  show.s  the  correct  trend.  Tlie  deviation  from  this  simple  model 
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may  be  partly  explained  by  the  more  complex  nature  of  the  A  -  center 
including  a  nearby  donor. 


CONCLUSIONS 

In  conclusion  excitonic  line  broadening  has  been  observed  on  the  copper 
bound  exciton  recombination  in  bulk  grown  Cdj^  ^^Zn^Te  crystals.  The  alloy 
composition  dependence  is  properly  described  by  models  taking  into  account 
statistical  fluctuations  of  the  cation  density,  the  nature  of  the  exciton 
recombination  (pseudo-donor  model)  and  the  conduction/valence  band  offset  in 
this  system.  The  Donor  -  Acceptor  pair  luminescence  in  the  crystals  is  a 
superposition  of  recombinations  due  Co  residual  Cu  acceptors  and  A  -  centers 
(  anion  vacancy  -  donor  pairs  ).  It  has  been  investigated  as  a  function  of 
the  alloy  composition  x. 
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ABSTRACT 

We  have  characterized  MOCVD  grown  ZnS  layers  for  thin  film  electroluminescence 
(TFEL)  devices.  Films  with  thicknesses  ranged  from  several  A  to  2  pm  were  studied  by  x-ray 
diffractometry  (XRD),  cross-sectional  transmission  electron  microscopy  (XTEM),  high-resolution 
transmission  electron  microscopy  (HRTEM),  and  ultraviolet-visible  photospectrometry  (UVS). 
From  HRTEM  micrographs,  it  was  observed  that  ZnS  films  consist  of  a  mixture  of  hexagonal  and 
cubic  phases.  Correlation  of  UV  absorption  spectra  with  XRD  analysis  resulted  in  a  method  for 
quantitative  determination  of  the  cubic  packing  fraction  of  polymorphic  ZnS  films.  The  initial  ZnS 
layer  (<  1000  A)  deposited  on  BaTaiOg  had  more  hexagonal  than  cubic  phase  because  of  denser 
crystal  defects.  However,  the  fraction  of  cubic  phase  increased  with  the  film  thickness.  In 
addition  to  film  microstructures,  the  mean  grain  size,  growth  rate,  film  unifonnity,  and  surface 
roughness  of  MOCVD  grown  ZnS  thin  films  as  functions  of  film  thicknesses  and  substrate 
te...peratures  were  also  calibrated  by  XTEM  results. 


INTRODUCTION 

A  major  obstacle  for  developing  ZnS  EL  full  color  flat  panel  displays  is  that  the  insufficient 
intensity  of  blue  light  emission  ( two  orders  of  magnitude  lower  than  that  of  red  or  green  emission) 
[  1 ).  Many  studies  have  been  performed  in  order  to  improve  the  intensity  of  the  blue  light  emission 
i  1-4|.  They  include,  for  example,  using  1)  better  electroluminescent  impurities,  e.g.  Tm,  rather 
than  Al,  Ag,  etc.;  2)  new  growth  methods,  e.g.  ALE  or  MOCVD,  rather  than  sputtering  or  e-beam 
evaporation;  3)  alternative  host  compounds,  e.g.  CaS  or  SrS,  rather  than  ZnS;  and  4)  advanced 
doping  methods,  e.g.  ion  implantation,  rather  than  in-situ  doping.  One  of  the  possible  reasons  for 
poor  blue  EL  emission  is  the  loss  of  hot  electrons  to  crystal  defects  within  ZnS  thin  films  (5).  In 
addition,  a  faint  luminescence  layer  appears  to  re.suli  from  an  existence  of  a  fine  grain  regime 
formed  during  the  initial  deposition  of  the  ZnS  film  on  an  insulating  layer  16,7].  It  was  also 
reported  that  hexagonal  ZnS  is  favorable  for  electroluminescence  centers  |8|.  Thus,  the  ability  to 
control  and  characterize  the  film  microstructure  appears  essential  to  improv^  intensity. 

In  this  study,  the  structure  of  ZnS  layers  grown  by  MOCVD  on  insulator/lTO/glass 
substrates  was  characterized  by  a  variety  of  techniques. 


EXPERIMENTAL 
ZnS  Thin  Film  Growth 

A  modified  Spire  Model  SPI-MOCVD  450  system  was  used  to  grow  ZnS  thin  films  on 
BaTa206/IT0/glass  substrates  provided  by  Planar  System,  Inc..  The  growth  parameters  used  in 
this  study  are  listed  below: 

•  Precursors:  diethylzinc  (DEZ)  and  H2S 

•  Substrate  temperature:  250,  300,  350,  and  400  °C 

•  Growth  time:  varied  from  .several  seconds  to  30  min. 

•VI /II  ratio:  100 

•  Reactor  pre.ssure:  80  Torr 

Material  Characterization 

A  Philips  ADP  3600  X-ray  Diffractometer  was  used  to  determine  the  crystal  structure  of 
ZnS  films.  Since  it  was  found  that  the  ZnS  films  consist  of  both  cubic  and  hexagonal  region.s,  the 
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determination  of  their  crystal  structures  was  difficult.  The  principal  problem  is  that  for  every 
reflection  from  the  cubic  phase  there  exists  one  or  more  hexagonal  phase  with  a  very  similar 
reflection.  A  4-crystal  high-resolulion  XRD  system  was  also  tried  to  distinguish  the  small 
difference  in  interplanar  spacings  between  these  crystal  structures.  However,  this  did  not  work 
due  to  the  low  x-ray  intensity  and  the  polycrystalline  nature  of  the  film.  There  was  a  x-ray 
technique  using  the  intensity  that  allows  one  to  estimate  the  cubic  fraction  19|.  In  addition,  TEM 
and  HRTEM  were  used  to  characterize  the  microstructures  and  to  calibrate  film  growth 
characteristics.  A  JEOL  200CX  TEM  and  a  JEOL  4000FX  HRTEM  were  used.  Most  of  the 
samples  were  examined  in  cross  section.  The  UVS  was  used  to  measured  the  absorption  edge  and 
therefore  the  energy  gaps  of  ZnS  films  from  UV  absorption  spectra.  From  these  results  the 
different  phases  within  the  polymorphic  ZnS  films  could  be  distinguished  due  to  their  larger 
difference  in  the  energy  gaps,  i.e.  3.54  eV  and  3.67  eV  for  cubic  and  hexagonal  phase  at  room 
temperature,  respectively  11 0|. 


RESULTS  AND  DISCUSSION 
Film  Microstmcnires 

1.  Polymorphic  structure;  The  first  problem  encountered  in  microstructure  studies  was  how  to 
distinguish  the  different  crystal  structures  in  polymorphic  ZnS  films  grown  by  MOCVD.  It  had 
been  reported  that  ZnS  films  grown  by  MOCVD  using  H2S  as  the  group  VI  precursor  had  a  cubic 
structure  and.  in  some  cases,  a  mixture  of  cubic  and  hexagonal  structures  111.12).  Usually,  XRD 
was  the  major  characterization  technique  used  to  identify  the  film  crystal  structure,  However,  it 
appears  to  be  not  possible  to  distinguish  these  two  similar  structures  by  XRD  alone  since  there  are 
always  several  hexagonal  related  diffraction  peaks  at  the  same  angle  as  every  significant  peak  of  the 
cubic  phase  ( I3,14|.  The  XRD  spectra  of  different  thickness  ZnS  films  grown  by  MOCVD  under 
the  stated  conditions  are  shown  in  Figure  1  and  the  possible  indices  of  each  peak  are  listed  in  Table 
I.  The  film  thickness  of  each  sample  was  calibrated  by  XTEM.  It  is  very  difficult  to  make  any 
conclusion  as  to  the  crystal  structure  of  these  films  since  peaks  of  both  structures  almost  overlap. 


I 


29 


Figure  I  The  XRD  spectra  of  different  thickness  ZnS  films  grown  at  3.5()“C 
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Table  I  The  possible  ZnS  indices  of  the  major  peaks  observed  in  Figure  1 


PEAK  d(A) 

BaTaiOe 

3C 

2H 

4H 

6H 

8H 

lOH 

9R 

I5R 

21R 

1 

1.534 

622* 

_ 

222 

00.4 

00.8 

00.12 

_ 

_ 

20.6 

20.10 

20.14 

2 

1.631 

— 

— 

31  1 

11.2 

11.4 

11.6 

11.8 

11.10 

20.3 

20.5 

20.7 

3 

1.799 

402* 

052t 

— 

— 

— 

— 

— 

— 

— 

11.9 

— 

4 

1.993 

— 

— 

— 

— 

10.5 

— 

10.10 

— 

— 

— 

— 

5 

2.542 

511* 

— 

— 

— 

— 

— 

— 

10.8 

— 

— 

— 

6 

2.930 

430* 

410t 

— 

10.1 

10.2 

10.3 

10.4 

10.5 

— 

— 

— 

7 

3.114 

— 

— 

Ill 

00.2 

00.4 

00.6 

00.8 

00.10 

10.3 

10.5 

10,7 

Data  from  JCPDS-ICDD  and  |9,151;  *  Hexagonal;  t  Orthorhombic 


A  significant  peak  (number  7),  which  could  be  identified  as  (111)  cubic  or  (00.1) 
hexagonal,  emerged  when  the  ZnS  film  was  thicker  than  1000  A.  When  the  film  became  thicker, 
an  additional  peak  (number  2)  became  more  intense.  This  peak  could  be  identified  as  (31 1)  cubic  or 
(11.1)  hexagonal.  From  these  direct  XRD  results,  the  crystal  structure  evolution  during  the  initial 
ZnS  growth  on  BaTa206  was  revealed  though  the  crystal  structure  in  term  of  cubic  or  hexagonal 
could  not  be  distinguished  unambiguously.  As  previous  discussion,  there  was  a  reported  method  to 
determine  the  fraction  of  each  structure  using  XRD  technique.  This  is  based  on  the  fact  that  the 
relative  ratio  of  the  integrated  intensities  of  hexagonal  peaks  to  that  of  cubic  (111)  peak  is 
proportional  to  their  fraction  in  mixed  crystals  |9|.  Using  this  technique,  we  have  determined  the 
cubic  fraction  of  ZnS  films  grown  by  MOCVD  and  found  it  was  between  40%  to  60%  depending 
upon  their  thicknesses  and  growth  temperatures.  These  results  were  also  correlated  to  the  energy 
gap  determination  which  will  be  discus^  later. 

The  ZiiS  polytypism  could  be  identified  from  HRTEM  micrographs  showing  the 
periodicity  of  the  layer  stacking  (16).  The  multiple  stacking  periodicity  of  the  closed-packing 
layers  in  a  MOCVD  grown  ZnS  film  was  observed  (Figure  2).  In  these  HRTEM  micrographs, 
there  are  regimes  of  cubic  and  hexagonal  phases,  for  example,  6H  suucture. 


(b)  (d) 

Figure  2  The  typical  XTEM  micrographs  of  ZnS  films  grown  for  15  min.  (a)  at  250°C  (b)  at  3()0°C 
and  the  HRTEM  micrographs  of  (c)  the  bulk  of  ZnS  films  (d)  the  interface  of 
ZnS/BaTaaOft 
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In  addition,  the  polymorphic  crystal  structures  were  distinguished  from  their  energy  gap 
measured  at  room  temperature  by  optical  techniques.  It  was  found  that  the  measured  absorption 
edges  varied  with  the  mean  film  thickness.  As  the  mean  film  thickness  increased  from  700  A  to 
6000  A,  the  wavelength  of  the  absorption  edge  of  ZnS  films  grown  at  350°C  increased  from  333.0 
nm  to  335,7  nm,  respectively.  They  correspond  to  a  shift  of  the  energy  gap  from  3.72  eV  to  3.69 
eV  as  shown  in  Figure  3.  The  measured  absorption  edges  were  also  affected  by  film  growth 
temperatures.  For  films  with  a  similar  thickness,  for  example  approximate  2000  A,  the  wavelength 
of  the  absorption  edge  of  ZnS  films  increased  with  the  growth  temperature. 

It  was  reported  that  the  shift  of  energy  gaps  of  ZnS  films  could  be  related  to  their  cubic 
packing  fraction,  a  ratio  of  zincblende  to  wurtzite  crystal  structure  of  a  mixed  material  [17-19]. 
Figure  4  shows  the  correlated  results  of  the  cubic  fraction  determined  by  XRD  and  the  energy  gap 
measured  by  optical  absorption  .  This  method  was  not  only  able  to  distinguish  these  different 
structures  in  ZnS  but  also  to  determine  the  fraction  of  each  phase  in  the  mixed  structure.  Based  on 
these  measurements,  the  crystal  structure  of  ZnS  films  grown  by  MOCVD  increases  in  the  fraction 
of  cubic  phase  with  increasing  the  film  thickness.  Also  shown  are  reports  by  other  groups  using 
reflectance  measurements  alone  (the  determination  of  cubic  fraction  not  present)  on  a  line  drawn 
between  the  cubic  and  hexagonal  energy  gaps.  Although  all  results  show  the  same  tendance,  their 
discrepancy  may  be  due  to  the  different  techniques  used  to  measure  the  bandgap  and  cubic  fraction. 

2.  Interface:  The  observation  of  the  fine  grain  layer  of  ZnS  films  in  EL  thin  films  is  very  common 
[6,20].  This  had  been  attributed  to  the  so  called  "dead  layer”  in  electroluminescence  and  one  of  the 
causes  of  higher  threshold  voltages  for  luminescent  emission.  To  date  for  published  works 
MOCVD  grown  ZnS  EL  films  without  a  dead  layer  were  grown  by  using  DES  or  CS2  as  sulfur 
precursor.  However,  ZnS  thin  films  grown  by  using  H2S  always  had  the  dead  layer  [12,20). 

A  fine  grain  layer  extended  from  the  ZnS/BaTa206  interface  up  to  approximate  10(K)~2000 
A  above  which  columnar  grains  became  larger  (Figure  2a,b).  It  was  interesting  that  this  coincided 
with  the  thickness  below  which  no  significant  preferential  orientation,  i.e.  (1 1 1)  or  (00.1),  was 
observed  in  the  XRD  results  and  all  peaks  resemble  that  of  the  substrate  materials.  The  interface 
between  a  ZnS  film  and  an  insulating  BaTa206  layer  had  been  examined  by  HRTEM  (Figure  2d). 
It  was  observed  that  small  regimes  (indicated  with  arrows)  of  ZnS  aligned  on  preferred  orientations 
of  the  crystalline  BaTa206  indicating  some  nucleation  by  the  insulator.  In  addition,  very  fine 
"clusters"  which  were  slightly  misorientated  to  each  others  were  also  observed  in  some  inierfacial 
regions  as  well  as  the  initial  layer.  Thus,  within  the  initial  ZnS  layer  deposited  on  BaTa206  denser 
crystal  defects  appear  to  associate  with  a  higher  fraction  of  hexagonal  phase  observed. 

Growth  Characteristics 

The  growth  characteristics  were  calibrated  using  cross-sectional  TFM  micrographs.  They 
include  the  mean  grain  size,  growth  rate,  film  uniformity,  and  surface  roughness  as  functions  of 
film  thicknesses  and  substrate  temperatures.  In  the  sample  grown  at  350°C  for  only  1  second,  no 
ZnS  island  or  layer  could  be  identified  on  the  surface  of  the  BaTa206  substrate.  After  5  seconds  of 
growth,  small  islands  about  20-30  A  height  and  5-10  A  wide  were  observed.  The  separation 
between  islands  was  approximately  30-100  A. 


2H  4H  6H  10H  3C 


Figure  3  The  wavelength  of  the  absorption  edge  Figure  4  The  relationship  between  the  cubic 
varied  with  the  ZnS  film  thickness  and  packing  fraction  and  the  energy  gap 

substrate  temperature  of  ZnS  films 
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1 .  Gniin  size;  The  mean  size  of  columnar  grains  increased  from  approximate  500  A  at  the  interface 
up  to  3000  A  when  the  film  thickness  was  greater  than  0.7  pm  (Figure  5a).  The  substrate 
temperature  slight  affected  the  mean  grain  size.  In  Figure  5b,  the  mean  grain  size  at  the  interfacial 
region  did  not  vary  significantly  with  the  substrate  temperature.  This  could  be  attributed  to  the 
effect  of  the  grain  size  of  the  insulating  BaTa205  substrate  layer.  The  mean  grain  size  at  a  region 
about  0.2  pm  from  the  interface  was  larger  than  that  at  the  interface  and  also  did  not  vary 
significantly  with  the  substrate  temperature.  However,  the  grain  size  distribution  as  indicated  as 
the  error  bar  was  different. 

2.  Growth  rate:  The  growth  rate  was  determined  from  Figure  6.  It  was  found  that  the  growth  rate 
was  slower  during  the  first  two  minutes  of  growth.  Subsequently,  it  became  greater  slightly.  This 
phenomenon  appears  to  be  related  to  the  evolution  of  the  film  structures  as  discussed  previously. 

3.  Film  uniformity:  Generally,  the  film  thickness  varied  across  an  entire  sample.  This  was 
indicated  by  the  error  bar  as  shown  in  Figure  6.  The  thicker  films  exhibited  a  greater  variation  in 
uniformity.  This  appears  to  be  due  to  the  facet  growth  and  the  greater  grain  size.  The  film 
thickness  variation  was  <  ±15  %  of  the  total  film  thickness. 

4.  Surface  roughness:  The  surface  roughness  was  measured  as  the  surface  peak-to-valley  height 
on  average  as  shown  in  Figure  7.  When  a  film  was  thinner  than  UX)0  A,  the  surface  roughness 
was  smaller  than  1(K)  A.  For  a  thicker  ZnS  film,  the  surface  roughness  increased  several  fold. 
Significant  surface  faceting  cau.sed  the  increased  roughnes.s.  The  surface  roughness  was  about 
6-10  %  of  the  total  film  thickness. 


Figure  5  The  mean  grain  size  of  ZnS  films  (a)  varied  with  film  thicknesses  (b)  as  a  function  ol  the 
substrate  temperature 


Figure  6  The  film  thickness  as  a  function  of  Figure  7  The  surface  roughness  measured  as 
the  substrate  temperature  for  films  the  surface  peak-to-valley  height  for 

grown  for  different  time  periods  films  grown  at  different  temperatures 
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SUMMARY 


In  summary,  we  have  presented  several  results  of  the  structure  of  the  ZnS  thin  films  grown 
by  MOCVD.  Multiple  characterization  techniques,  including  XRD,  TEM,  HRTEM,and  UVS, 
have  been  used  to  analyze  this  materials  system.  From  HRTEM  micrographs,  several  different 
crystal  structures,  such  as  3C,  6H  etc.,  have  been  observed.  It  was  shown  that  the  cubic  packing 
fraction  could  be  estimated  from  the  relative  ratio  of  the  integrated  intensities  of  cubic  phase  to  that 
of  hexagonal  phase.  The  measurements  of  the  room  temperature  energy  gaps  of  ZnS  films  by  U  V 
absorption  provide  a  more  convenient  way  to  identify  the  polymorphic  structures.  Correlating  the 
absorption  and  x-ray  measurements  made  it  possible  to  deduced  a  linear  relationship  between  the 
cubic  packing  fraction  and  the  energy  gap  of  polymorphic  ZnS  thin  films.  In  addition,  the  mean 
grain  size,  growth  rate,  film  unifomiity,  and  surface  roughness  of  MOCVD  grown  ZnS  films  were 
calibrated  using  XTEM  micrographs.  It  was  found  that  initially  ZnS  films  grew  at  a  slower  rate 
which  increased  as  the  film  thickne.ss  increased.  The  nonunifomiity  and  surface  roughness  also 
increased  with  thickness.  There  was  a  little  dependence  of  the  mean  grain  size  on  the  growth 
temperature  where  as  the  growth  rate  was  maximized  at  .350°C. 
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ABSTRACT 


ZnSe/ZnCdSe  diode  structures  were  grown  on  (In,Ga)As  buffer  layers 
by  molecular  beam  epitaxy.  Lattice  distortions  and  defect  distributions  in 
buffer  layers  and  diode  structures  were  examined  by  X-ray  diffraction  and 
transmission  electron  microscopy.  Diode  structrues  with  low  dislocation 
densities  were  obtained  by  the  growth  on  tetragonally  distorted 
l'i()(>4,tGa()ys7As  buffer  layers,  the  lattice  spacing  of  which  is  slightly  smaller 
than  that  of  ZnSe. 


ZnSe  has  long  been  considered  as  the  leading  candidate  of  materials  fm 
development  of  light  emitting  devices  operating  in  the  blue  and  green  spectrum 
ranges.  Difficulty  in  obtaining  conductive  p-type  of  this  materiah  howes  er.  has 
prer  ented  progress  towards  the  realization  of  such  optoelectronic  devices.  In 
the  past  decade,  new  low  temperature  epitaxial  growth  techniques  representeil 
by  molecular  beam  epitaxy  (MBE)  and  metallorganic  chemical  \;ipor 
deposition  (MOCVD)  have  led  to  the  resurgence  in  the  research  of  ZnSe  and 
other  wide  gap  ll-Vl  semiconductors  with  the  expectation  that  the  advantage  of 
employing  these  epitaxial  growth  techniques  may  enable  us  to  overcome  the 
afore-mentioned  material  problem.  These  re.search  efforts  have  resulted  in 
successful  p-doping  in  ZnSe  using  a  nitrogen  plasma  source  in  MBE  in  the  last 
year  |1,2|,  and  very  recently  have  led  to  the  realization  of  ZnSe  based  p-n 
Junction  light  emitting  devices  such  as  puKse  la.sers  |3-5)  and  multiple  quantum 
well  light  emitting  devices  16|.  It  is  expected  that  these  recent  developments 
will  open  a  new  stage  of  the  research  on  wide-gap  II-Vl  semiconductors  aimed 
at  their  full  device  applications. 

One  of  the  major  problems  to  be  solved  for  further  progress  towards  the 
development  of  ZnSe-ba.sed  devices  is  the  formation  of  high  density  defects  in 
epilayers  which  results  from  the  lattice  mismatch  between  ZnSe  and  Ga.\s; 
GaAs  is  widely  used  as  a  substrate  for  the  growth  of  ZnSe  at  pre.sent  ou  ing  to 
the  unavailability  of  high  quality  ZnSe  bulk  single  crystals.  With  the  lattice 
mismatch  being  0.25%  (room  temperature),  pseudomorphic  ZnSe  layers  can  he 
grown  on  a  GaAs  substrate  only  up  to  thickne.sscs  around  2(X)0,3i  which  is  too 
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thin  for  realistic  device  structures.  In  the  past  several  years,  a  nunilx-r  of 
methods  have  been  developed  for  reduction  of  defect  densities  in  lattice 
mismatched  layered  structures  of  III-V  and  elemental  semiconductors.  Direct 
applications  of  tho.se  methods  to  II-VI  semiconductors,  however,  may  not  lead 
to  sucessful  control  of  defect  densities  becau.se  of  considerable  differences  in 
mechanical  properties  of  these  materials  from  those  of  III-V  and  elemental 
semiconductors.  In  the  pre.sent  paper,  we  report  an  approach  for  overcoming 
the  problem  of  the  defect  fomiation  cau.sed  by  the  lattice  mismatch  between 
ZnSe  and  GaAs.  By  utilizing  a  MBE  .sy.stem  having  separate  growth  chambers. 
ZnSc/ZnCdSe  diode  structures  were  grown  on  (ln,Ga)As  buffer  layers. 
Addition  of  In  to  GaAs  crystals  is  known  to  make  the  alloy  crystals  highly 
resistive  to  the  generation  and  multiplication  of  dislocations  |7.S|.  '1110 
(ln,Ga)As  buffer  layers  with  the  proper  control  of  the  In  mole  fraction, 
therefore,  are  expected  to  .serve  as  lattice-matched  substrates  having  very  low 
defect  densities  for  the  growth  of  ZnSe-based  structures. 

All  structures  examined  in  this  study  were  groun  in  a  Perkin  lilrner 
modular  MB!:  system  consisting  of  .separate  growth  chambers  for  the  II-VI  anil 
III-V  layer  growth.  (In.GafAs  buffer  layers  with  a  thickness  of  4pm  were 
grown  on  (100)  GaAs  at  52(fC.  The  In  mole  fractions  in  the  buffer  layers  were 
varied  among  samples  over  the  range  from  4  to  fV/f.  After  the  buffer  layers 
were  transferred  to  the  II-VI  growth  chamber  under  ultra-high  vacuum.  Zai.Se 
diode  sturclures  with  ZnCdSe  quantum  wells  were  grown  at  240‘’C.  llie  total 
thickness  of  diode  stmetures  are  typically  .1.5pm.  Quantum  well  structures 
consist  of  several  layers  of  ZnCdSe  and  ZnSc  with  individual  layer  thicknesses 
ranging  from  60A  to  lOOA  Nitrogen  and  chlorine  were  doped  in  diode 
strirctures  as  acceptors  and  donors,  respectively.  Details  of  growth  procedures 
of  these  structures  are  de.scribed  in  a  separate  report  |6|. 

X-ray  rocking  curves  of  diode  .structures  and  (In.Ga)As  buffer  layers 
were  obtained  using  a  four  crystal  Si  monochromator  w  ith  the  Cu  K„  radiation. 
I-'or  the  examination  of  buffer  layers,  diode  stmetures  were  removed  by 
selective  etching.  Both  (400)  and  1511)  diffraction  peaks  were  recorded  in 
order  to  detennine  the  lattice  .spacings  in  the  directions  parallel  and 
perpendicular  to  the  interfaces.  Full  width  at  half  maximum  (FWIIM)  of  (4(X)) 
peaks  of  (In,Ga)As  buffer  layers  ranges  from  100  to  1.50  seconds.  Iliese  values 
are  in  good  agreement  with  the  results  of  earlier  studies  which  measured 
FWHM  of  (In,Ga)A.s  layers  grown  on  GaAs  by  MBF  |9,l()|.  From  the  analysis 
of  (5111  peaks,  the  crystal  lattices  of  tln,Ga)As  buffer  layers  were  found  to  be 
tetragonally  distorted,  implying  that  the  lattice  mismatch  at  (ln,Ga)As/GaAs 
interfaces  are  partially  relaxed  by  misfit  dislocations.  Tlie  estimated  values  of 
the  c/a  ratios  of  tetragonally  distorted  lattices  range  from  1 .0010  to  1 .0012.  'Hie 
In  mole  fractions  in  the  buffer  layers  were  e.stimatcd  from  measured  lattice 
spacing  by  taking  the  tetragonal  di.stortion  into  account,  and  assuming  a 
Vegard's  relationship.  The  F’WUM  of  ZnSe  in  diode  stmetures  also  range  from 
l(K)  to  150  seconds.  Unlike  the  (In,Ga)A,s  buffer  layers,  no  significant 
tetragonal  di.stortion  was  observed  by  the  analysis  of  (511 )  peaks  of  diode 
stmetures. 


Defect  distributions  in  the  samples  were  examined  by  a  JHM  2(KK)f-X 
transmission  electron  microscope  (TEM).  For  the  observation,  cross-sectional 
and  plan-view  specimens  were  prepared  by  ion-thinning.  Highly  developed 
networks  of  misht  dislocations  were  observed  at  (In,Ga)As/GaAs  interfaces  of 
all  observed  samples.  Figure  1  is  a  cross-sectional  bright  field  image  of  an 


Ino.osaGaoyaftAs/GaA^  interface.  This  image  was  taken  by  tilting  the 
specimen  about  the  [01 1  j  axis,  so  that  misfit  dislocations  parallel  to  the  (01 1 1 
axis  are  seen  as  short  segments  in  the  image.  As  seen  in  the  cross-sectional 
image,  dislocations  have  threaded  towards  the  GaAs  crystal  from  the  interface. 
whiFe  the  interior  of  the  (In,Ga)As  buffer  layer  remains  as  a  dislocation-free 
crystal.  'Fhis  observation  clearly  shows  the  difhculty  of  generation  and 
multiplication  of  dislocations  in  (ln,Ga)As  crystals.  In  plan-view  images  of  the 
buffer  layers,  no  dislocation  was  observed  except  for  the  region  close  to 
(ln,Ga)A.s/GaAs  interfaces,  implying  that  dislocation  densities  in  the  buffer 
layers  are  less  that  10*’  cm"^.  Such  low  dislocation  densities  appear  to 
contradict  large  FWHM  of  X-ray  diffraction  peaks  obtained  from  these  buffer 
layers.  According  to  a  simplified  relationship  between  FWHM  of  X-ray 
diffraction  peaks  and  dislocation  densities,  the  nieasurcd  F'WHM  corresponds 
to  dislocation  densities  in  the  range  of  10^  cm~‘  1 1 1 1.  which  is  signilicanily 
greater  than  the  observed  densities.  One  possible  explanation  for  this  apparent 
discrepancy  is  that  the  large  FWHM  results  from  a  nonunifomi  distribution  of 
elastic  strains  in  the  buffer  layer  which  is  cau.sed  by  the  large  variation  of 
spacing  of  misfit  dislocations  at  the  (ln,Ga)As/GaAs  interface.  A  more 
systematic  analysis,  however,  is  necessary  to  substantiate  this  explanation. 

Figure  2  (a)  and  (b)  are  cro.ss-.seclional  bright  held  images  of 
/,nSe/(In,Ga)A.s  interfaces  with  two  different  In  mole  fractions  in  the  buffer 
layers.  At  the  ZnSe/ln()(M()Ga()9f,()As  interface,  closely  spaced  mislit 
dislocations  are  seen,  even  though  the  lattice  parameter  of  a  bulk  (In,Ga)As 
crystal  with  the  4.0%  In  mole  fraction  exactly  matches  that  of  ZnSe  at  the 
growth  tempraturc  (24()”C).  (  A  lattice  match  occurs  at  a  slightly  lower  mole 
fraction.  3.5%'.  for  room  termperature  becau.se  of  the  difference  of  ihcmial 
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Fig.  2  Cross-.sectional  bright  field  image  of  (a)  ZnSc/In()  (V4()Ga()  yf,()'^s 
(b)  hio  ()54Ga(),94f,As  interfaces. 


expatision  coefficients).  TTie  ZnSc/In()()54Ga()94ftAs  interface,  on  the  other 
liand,  appears  to  be  nearly  free  from  arrays  of  misfit  dislocations.  In  plan-view 
images,  misfit  dislocations  were  ob.served,  but  their  density  is  lower  than  that 
at  the  ZnSe/ln()()4()Ga(),9f,()A.s  interface.  These  observations  imply  that  the 
lattice  matching  is  obtained  with  a  higher  In  mole  fraction  than  that  expected 
from  the  lattice  constants  of  bulk  crystals,  and  are  consistent  with  the  afore¬ 
mentioned  results  of  X-ray  diffraction.  Although  the  ln()()54Ga()94fiAs  butler 
layer  with  the  tetragonal  distortion  gives  ri.se  to  close  lattice  matching  with 
Zn.Se  at  the  growth  temprature,  relatively  high  density  dislocations  and 
stacking  faults  were  ob.served  in  diode  structures  grown  on  these  butler  layers. 
Many  of  these  defects  exist  in  the  region  from  the  middle  to  the  free  surface  of 
the  diode  structures  as  .seen  in  Fig.  2(b).  One  possible  cause  of  these  defects  is 
the  relatively  large  difference  of  themial  expansion  coefficients  between  Zn.Se 
and  III-V  semiconductors;  the  lattice  parameter  of  ZnSe  is  slightly  smaller  than 
the  lattice  spacing  of  the  tctragonally  distorted  In()()54Cra()  949  As  crystal  in  the 
direction  parallel  to  the  interface  at  the  growth  temperature  and  further 
decreases  at  room  temperature,  compared  to  that  of  the  Inoos.utiouariAs 
crystal,  resulting  in  a  large  tensile  strain. 

'Hie  best  stmctural  quality  of  diode  stnicturcs  was  obtained  by  the 
growth  on  (In.Ga)As  buffer  layers  whose  lattice  spacings  tilong  the  interlace  is 
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J-'ig.  3  (a)  Cross-sectional  bright  field  image  of  a  ZnSe/ZnCdSe  diode  structure 
grown  on  fn()^3Gao957As,  (b)  plan-view  bright  field  image  of 
ZnSe/Ino  (M.^Gan  957  As  interface. 

slightly  smaller  than  that  of  ZnSe,  giving  ri.sc  to  compressive  strains  in  diode 
structures.  I'igurc  3(a)is  a  cross-sectional  bright  field  image  of  a  diode  structure 
grown  on  an  ln()(v43Ga(i957As  buffer  layer.  The  entire  region  seen  in  the 
image  is  free  from  dislocations  including  the  interface.  Figure  3(b)  is  a  plan- 
view  bright  field  image  of  the  ZnSe/In()(M3Ga()957As  interface  which  shows  a 
widely  spaced  group  of  misfit  dislocations.  Densities  of  threading  dislocations 
in  diode  structures  grown  on  In()()43Ga()957 As  buffer  layers  are  in  the  lower 
range  of  K)^  cnr‘.  f'rom  thc.se  diode  structures,  highly  efficient  blue/grecn 
electroluminescence  |6|  and  diode  laser  actions  13|  were  obtained.  Hie  results 
described  above  clearly  demon.stratc  the  effectiveness  of  using  lattice  matched 
lll-V  semiconductor  alloy  buffer  layers  in  reducing  defects  in  ZnSe-based 
device  structures.  It  is  also  sugge.sfcd  by  the  present  study  that  further 
significant  improvement  is  po.ssiblc  by  making  prcci.se  control  of  the  In  mole 
fraction  to  obtain  stable  pseudomorphic  layers  both  at  growth  temperatures  and 
room  temperature. 
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ABSTRACT 

The  ( ZnSe) /( ZnS ),  strained  layer  superlattices  (SLSs)  on  (100) 
GaAs  and  ( ZnTe  ( ZnSe ),  SLSs  on  (100)  InP  have  been  grown  by 
molecular  beam  epitaxy  (MBE)  and  atomic  layer  epitaxy  (ALE).  The 
structural  characteristics  of  these  SLSs  were  investigated  in  situ 
RHEED  observation,  low-angle  X-ray  diffraction  spectra,  TED  image 
and  AES  analysis.  The  optical  properties  of  the  SLSs,  such  as 
refractive  index  of  superlattice  materials,  photoluminescence  (PL) 
spectra,  transient  PL  spectra,  Raman  spectra,  far-infrared 
reflectivity  spectra  and  Optical  nonlinear  have  been  studied. 

INTRODUCTION 

II-VI  wide-gap  semiconductor  strained-layer  superlattice  are 
potential  materials  for  application  to  optoelectronic  devices  in 
the  short-wavelength  visible  region.  Recently,  major  efforts  have 
devoted  to  realizing  .^lue  or  green  light  emitting  devices 
(LED)/laser  diode  (LD)*  ’  '  and  optical  waveguide  devices^^  .  For  the 
reason,  it  is  important  to  study  structural  and  optical 
characteristics  of  these  superlattice  materials  for  getting  high- 
quality  devices. 

In  this  paper,  we  report  studies  of  the  structural  and  optical 
properties  on  ZnSe-ZnS  and  ZnTe-ZnSe  SLSs,  grown  on  GaAs  and  InP 
substrate  by  MBE.  A  lot  of  results  are  the  first  observation  at  our 
laboratory. 

MBE  GROWTH  OF  ZnSe-ZnS  AND  ZnTe-ZnSe  SLSs 

Devices-qual ity  ZnSe-ZnS  and  ZnTe-ZnSe  SLSs  have  been  grown  by 
MBE  in  Our  laboratory.  The  substrate  used  were  semi-insulating 
(100)  GaAs  and  high-resistance  (lOO)InP.  High  purity  Zn(6N),  S(6N), 
Se(5N)  and  Te(6N)  were  used  as  source  materials.  The  cell 
temperature  for  Zn,S,Te,Se  are  250°C,  ZOO’C ,  230°C  and  2Z0°C 
respectively.  Vapor  pressure  of  Zn,S,Te,and  Se  beams  at  the 
substrate  position  are  10' -10'°Torr  range,  which  were  monitored  by 
nude-gauge.  Typical  beam  pressure  radio  ( BPR)Zn/S ,Te, Se  was  talcen 
to  be  0.5-1.  The  growth  were  carried  out  at  a  substrate  temperature 
about  SSO’C  for  ZnSe-ZnS  SLSs  on  GaAs  substrate  and  3Z0°C  for  ZnTe- 
ZnSe  SLSs  on  InP  substrate,  respectively.  In  this  condition,  the 
growth  rate  is  about  30A/niin. 

EXPERIMENTAL 

The  reflective  high-energy  electron  diffraction  (RHEED)  have 
been  used  to  monitoring  the  crystalline  and  surface ' smoothness  of 
the  grown  layers  of  ZnSe-ZnS  and  ZnTe-ZnSe  SLSs.  Auger  electron 
spectroscopy  (AES)  technique  was  used  for  analysing  the  depth 
profile  of  the  epi-layers  and  interface  qualities.  We  measured  low- 
angle  X-ray  diffraction  in  order  to  determine  superlattice 
periodicity.  TEM  and  TED  observation  were  carried  out  bCEeafinj  tW- 
4000EX  transmission  electron  microscope. 
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We  measured  refrae;t,ive  index  of  SLSs,  transient  PL  spectra 
Raman  spectra,  far-infrared  reflectivity  spectra  and  optical 
nonlinearity.  The  optica)  properties  of  SLSs  have  been  studied  in 
de ta i 1 . 

RESULTS  AND  DISCUSSION 
Structural  characteristics  of  .SI.S 

Fig.l  shows  the  RHEED  patterns  of  ZnSe-ZnS  and  ZnTe-ZnSe 
superlattices  at  the  end  of  growth.  Long  strealcy  pattern  together 
with  Kikuchi  lines  shows  that  epi-layer  grown  is  of  a  high-quality 
crystalline  and  smooth  surface  morphology.  This  is  confirmed  by 
TEM,  TED  and  AES  observation  (Fig. 2,  Fig. 3  and  Fig. 4).  From  Fig. 4 
you  can  see  tliat  satellite  diffraction  spots  due  to  the 
superlattice  periodicity  are  observable  on  side  of  the  fundamental 
sports.  The  satellite  sports  of  four  orders  along  [001 J  axis  were 
observed,  showing  that  rather  smooth  interfaces  and  accurate 
periodicity  were  obtained  on  the  superlatt ices  with  one  period 
composed  of  15A  ZnSe  layer  and  15A  ZnTe  layer.  The  superlattice 
period  determined  from  the  spacing  between  satellite  and 
fundamental  sports  is  about  29. 6A. 


4- 


Fig.l.  RlIEED  patterns  of  (a)  ZnSe-ZnS  SLS 
(b)  ZuSe-Znle  SLS 


Fig. 2.  AES  analysis  profiling 
of  ZnSe-ZnTe  SLS. 
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Fig. 3*  A  (110)  cross-sect iona)  image  of  a 
superlattice  with  a  structure  of 
ZnSe( 29A)-7nS{ 27A)xlOO,  showing  clearly 
a  periodic  7nS<‘~/iiS  Inycrr  s  t  i  u<:  I  re  . 


Fig. 4.  aSTFD  pnttorn  of  n  ZiiSe  ( 1 5A  )-ZnTc(  1 5A ) 
superlattico  for  1110)  oloct.roii  l>cam  incidence. 

Four  orders  of  antellilc  spot. a  due  to  the 
periodicity  of  the  super  I  at.t.  ice  arc  observed. 

Fig. 5  shows  a  typical  low-angle  X-ray  diffraction  measurement 
of  ZnSe(  20A)-ZnTe(  20A )  SI.S  grown  on  ItiP  substrate  by  ALE.  A  period 
of  the  SLS  determined  hy  tlie  Bragg  peak  was  38A,  which  is  good 
agreement  with  lesult.s  of  counting  number  of  atomic  layers. 

Optical  and  suectrosconv  nioperti es  of  SI.Ss 

Refractive  index  of  S/.Ss 

The  refractive  indices  of  ZnSe-ZnS  and  ZnTe-ZnSe  SLSs  were 
determined,  for  the  first  time,  by  double-beam  reflectance 
measurements  at  room  temperature*’  .  Fig. 6  shows  the  refractive 
indices  of  ZnSe-ZnS  and  ZnTe-ZnSe  SLSs  vs  wavelengths.  You  can  see 
that  a  jump  occurs  at  about  the  photon  energy  equal  to  E.  (e-h). 
This  discontinuity  cannot  be  found  in  the  index  curves  of  bulk  ZnSe 
and  ZnS  materials.  Our  results  show  that  the  difference  between  the 
indices  of  the  SLSs  and  those  of  their  compositional  materials  are 
even  much  large  than  20X.  This  may  resiilt  from  the  elastic  strain 
caused  by  the  large  lattice  mismatch,  which  shifts  the  quantized 
levels  for  a  few  hundred  meV . 
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Fig-5.  Low  angle  x-ray  diffraction  pattern 
ZnSe-ZnTe  SLS  sample. 


Fig.  6.  The  rcftacilvc  index  dispersion  curves  lor  ZnSe-ZnTc 
and  ZnSc-ZnS  SLSs;  (1)  ZnSc-ZnTe  (62  A.  40  A);  (2)  ZnSc- 
Znle  (59  A.  39  A);  (3)  ZnSc-ZnS  (29  A,  26  A).  The  dashed 
lines  show  the  indices  ol  bulk  ZnSc  and  ZnS. 

Time  resolved  photoluminescence  spectra  of  ZnSe-ZnS  SLS 

The  transient  photoluminescence  spectra  of  ZnSe-ZnS  SLS  was 
measured  at  77K,  for  the  first  time..  The  typical  values  of  the 

exciton  formation  time  and  decay  time  of  the  luminescence  due  to 
exciton  recombination  are  40  ps  and  100  ps ,  respective!-  .  The 
relationship  between  the  exciton  lifetime  and  well  width  of  the 
superlattice  are  shown  also. 

Fig. 7  is  an  example  of  transient  luminescence  due  to  ground 
state  exciton  recombination  at  77K  in  zero  external  field  for  the 
ZnSe-ZnS  sample  with  13A  ZnSe  quantum  well  width  and  12A  ZnS 
barrier  thickness.  Wo  .also  measured  the  exciton  life  time  for 
different  well  width.  As  fig. 8  shows,  the  luminescence  decay  time 


decrease  as  w«‘M  width  1.^  from  30A  to  lOA.  The  decrease 

of  life  time  <liroctly  results  the  recomb i iiat  i on  enhancement  duo  to 
local  i  7iA  t  i  on ,  Ibis  is  a  typicra!  21)  quantum  well  confinement 
effoctJ®*. 

Our  ineasu  renaut  I  indi«’ate  that  localization  is  the  main  fact 
for  affect  the  exciton  lifetime  overt  at  the  high-temperature  of 
77K.  Be<*ausr'  in  7nSt'-7nR  si.Ss,  t  ho  r\«  iloii  hit.  ling  en.rgy  is  naich 
l>ir’go  t.hnl  t  hf'  U\dt>erM»  energy  (20iMeV)^‘' 


Timo  ( ps ) 


Fig.  7.  Transient  grotind  state  exciton  luminescence 
from  the  ZnS ( 1 2A ) -ZnSe ( 1 3A )  ShS. 


Well  width  (  A  ) 


Fig. 8.  Well  width  vs  exciton  lifetime  in  ZnS-ZnSe  SLSa. 
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Phonon  spertrn  of  ZriSo-ZnS  .'tnd  ZnTo-ZtiSf  SLSs 

In  this  papf^r,  we  present  our  measurement  of  fold  LA ‘phone rs 
in  7nSe-7nS  SliS  anej  ronfir>ed  f.O  phonon  modes  in  ZnTe-ZnSe. 
Theoretical  analyses  inclutle  confinement  and  strain  effects  are 
carried  out. 


ro3<*  LA  phonoiks  In  ZnSo  7.nJ>  !»LSs 

The  samples  used  is  7nSe~ZnS  SLS  with  29A  ZnSe  layer  and  26A 
ZnS  layer  grown  on  (100)  GaAs  substrate  at  320*^0  by  MBE. 

The  Raman  spectra  were  excited  isa  back-scattering  geometry  at 
room  temperature  with  the  IftBnm  line  of  an  Ar*  ion  laser.  Fig. 9 


shows  the  low-frequency  region  of  the 
29A,  ZnS  26A).  In  the  region  of  10-90 
clearly  observed  near  22,  44  and  67cm'* 
component  of  doublet  is  about  5  cm'* 


Raman  spectrum  for  SS-l(ZnSe 
cm*  three  doublet  lines  were 
,  the  separation  between  the 
.  We  attribute  these  newly 


apparel  lines  to  the  scattering  from  the  longitudinal  acoustic  (LA) 


phonons  folded  into  the  new  Brillouin  zone,  which  arises  from  the 


additional  periodicity  of  superlattices. 


LO  phonon  modes  in  ZnTe-ZnSe  SLS 

The  ZnTe-ZnSe  SLS  samples  were  grown  at  320®C  by  MBE  on  (100) 
InP  substrates.  The  Raman  spectra  were  recorded  with  Jobin-Vvon 
laser  spectrometer  model  JY-T800  in  back  scattering  geometry**^.  The 
measurements  were  performed  at  room  temperature. 

Fig. 10  shows  the  Raman  spectrum  from  the  ZnTe-ZnSe  sample  ZST- 
3.  the  thicknesses  of  ZnTe  and  ZnSe  layer  are  29A  and  27A, 
respectively.  Tfie  period  was  repeated  100  times.  Six  confined  LO^ 
phonon  modes  in  the  ZnSe  layer  and  one  confined  phonon  mode  in  the 
ZnTe  layer  have  been  observed*’*.  We  have  calculated  the  confined 
phonon  frequencies  by  considering  the  red  shifts  due  to  confinement 
and  the  shift  induced  by  elastic  strain.  Table  2  lies  the 
calculated  and  measured  frequencies  of  the  confined  LO^  modes  in 
the  ZnSe  layer. 


O  JO  60  90  IJO 

RAHAN  SHlFTlcm-^) 

Fig .  9. Low-frequency  region  Unman  Spcctmm  for  a 
ZnSe(29A)-ZnS(26A)  SLS. 
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Fig. 10.  Confined  LO  phonon  modes  in  ZnSe  layer  of 
the  ZnSe (  27A ) -ZnTe  f 29A  )  SLS  sample.  LT|  is  t)>e 
confined  LO  mode  in  ZnTe  layer,  the  F  peak  is 
attributed  to  folded  LO  mode  and  the  question  mark 
to  iriterface  vibration  or  ZnSe-like  TO  mode. 
X=(110),  Y=(110),  and  Z=(001). 

Table  1 

Measured  and  calculated  frequencies  of  confined  LO„,  modes 
in  ZnSe  layer 


m 

(cm"’) 

(cm" ') 

1 

246 

246 

2 

244 

244.5 

3 

242.5 

242.5 

4 

239 

239.2 

5 

233.5 

234.3 

6 

228.5 

229 

7 

222 

Far-infrared  reflective  spectra  of  ZnTe-ZnSe  SLS, 

Far-infrared  reflectivity  measurement  is  the  simple  way  to 
characterize  the  quality  of  the  microstructures.  We  have  reported, 
for  the  first  time,  the  f nr- i  iif rared  reflectivity  spectra  of  II-VI 
wide-gap  compound  ZiiTe-ZnSe  SI.Ss  and  determined  the  phonon 
parameters  by  fitting  the  experimental  data  with  the  computer 
calculated  curves. 


234 


Fig. 11  shows  t!»e  fai — iiifiared  reflectivity  spectrum  for  the 
sample  ZST-22 .  In  the  region  150-250  cm  ,  there  are  two  peaks  near 
180  cm  and  210  correspond  to  the  ZnTe-like  TO  and  ZnSe-like 
TO  modes,  respectively. 

Fig. 12  shows  the  fit  curve,  (♦)  are  the  measured  data,  ( — )  is 
the  curve  calculated.  The  phonon  parameters  determined  list  in 
Table  2. 


lUO  200  300  400  600 


VVAVFNUMUERS  (cm-') 

Fig.n. 

Tbe  nicMiircd  fir-infrared  reflectivity  epcctrum  of 
ZnSe-ZuTc  Btrained-laycr  euperlattice 


Fig. 12. 

Measured  (*)  and  filled  {— )  (ir-infnred  rcncctivity 
spectrum  of  tbe  ZuSc-Znl'c  SLS  sample  ZST-22  at 
3UUK. 
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Table  2 

Plionon  parametere  giving  best  fit  to  the  measured  re¬ 
flectivity  curve  for  the  ZiiSe-ZuTe  SLS  Bample  (ZST- 
22). 


layer 

foo 

WTo(crri“'] 

1  5 

T 

Zii'l'e 

8,3 

178.2 

4.63 

'24.7 

86 

ZiiSe 

5.8 

200.0 

1.91 

27.4 

86 

ZiiSe  Ijuflor 

C.O 

210.5 

1.8 

27.0 

0.12;i 

G.iAb  Bub. 

11.5 

268,2 

5,9 

0.46 

2nSe-Z/iS  multiple  quantum  well  optical  nonlinearity 

The  multiple  quantum  well  ( MQW )  wafer  was  cleaved  to  a 
certain  size  and  stuck  on  polished  thin  sapphire  slice  by  epoxy 
resin.  A  window  on  a  GaAs  substrate  was  opened  by  using  selective 
etching  in  order  to  transparent  visible  light.  A  MQW  film  with  flat 
surface  and  thicknesses  of  l-2pm  was  obtained  on  sapphire  support. 
Third  harmonic  beam  of  a  YAG  laser  was  used  as  a  exciting  light 
source  for  non  1 i  iumi  r i ty  measurement.  Fig. 13  shows  measured 
hysteresis  looi*  in  I  he  7.nSr-7nS  M(JW  film.  11-  i  .s  shown  that  the 
ZnSe-ZnS  MQW  materials  are  of  apparent  optical  nonlinearity 
ef  f  ects^^*^^ . 


Iiipui  Tower  (a.ii.) 

Fig  .  13.  Hysteresis  loop  of  (he  ZnSc-ZnS  MQW  eialon. 

CONCLUSION 

ZnSe-ZnS  and  ZnTe-ZnSo  wide-gap  II-Vl  compound  superlattices 
were  grown  by  MBE  and  ALE  techniques.  We  have,  for  the  first  tine, 
determined  refraction  indices  of  th»*  SLSs,  exciton  lifetime,  phonon 
parameters.  We  observed  the  confined  LO^  (m=l,2,...6)  in  the  ZnTe- 
ZnSe  SLS,  the  folded  LA  phonon  modes  in  ZnSe-ZnS  SLS  and  optical 
nonlinearity  effect  in  Zn.Se-ZnS  MQW  films. 
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IN-SITTJ  SPECTROSCOPIC  ELLIPSOMETRY 
APPLIED  TO  ZnSo  AND  ZnCdSe  GROWTH  PROCESS 
IN  ORGANOMETALLIC  VAPOR  PHASE  EPITAXY 

J.  lACOPONI,  I.B.  BHAT,  B.  JOBS*  and  J.A.  WOOI.LAM* 

Electrical,  Computer  and  Systems  Engineering  Department,  Rensselaer  Polytechnic  In¬ 
stitute,  Troy,  New  York  I2I80  and  J.A.  Woollam  Con.pary*,  Lincoln,  .\ebra.ska  68508 

ABSTRACT 

Spectroscopic  ellipsometry  is  a  well  developed  technique  for  studying  the  semi¬ 
conductor  materials  and  hetcrostructures.  Here,  we  have  applied  this  technique  to  in- 
situ  studies  of  ZnSe  and  ZnCdSe  growth  in  a  low  pressure  organometallic  vapor  phase 
epitaxy  system.  The  growth  of  ZnSe  on  GaAs  weis  studied  using  a  light  source  in  the 
range  2  to  4  eV,  and  film  thickness  of  a  few  tens  of  angstroms  could  be  monitored  by 
this  technique.  The  band  gap  and  the  composition  of  Zni_^Cdj.Se  could  also  be  mea¬ 
sured  as  a  function  of  real  time.  It  was  found  that,  for  a  gas  phase  D.MCd  composition 
of  609o,  the  amount  of  Cd  incorporated  in  the  layers  is  less  than  25%.  Spectroscopic 
ellipsometry  is  demonstrated  to  be  a  valuable  technique  for  in-sit u  monitoring  of  semi¬ 
conductor  growth  in  organometallic  vapor  phase  epitaxy  systems. 


1.  INTRODUCTION 

During  epitaxy,  real  time  monitoring  of  the  growth  process  is  important  in  under¬ 
standing  the  growth  mechanism  as  well  as  in  controlling  the  layer  thickness,  interface 
smoothness,  doping  incorporation  and  layer  quality.  Reflection  high  energy  electron 
diffraction  (RHEED)  is  the  primary  tool  used  in  molecular  beam  epitaxial  (.\1BE)  sys¬ 
tem  for  this  purpose,  but  electron  beam  probes  of  this  type  cannot  be  used  in  atmo¬ 
spheric  or  low  pressure  organomelailic  vapor  phase  epitaxial  (MOVI’K)  systems.  Re¬ 
cently,  many  optical  monitoriiig  techniques  such  as  reflectance  difference  spectroscopy 
[1,  2],  spectroscopic  reflectonietry  [3,  4|  and  spectroscopic  ellipsometry  j5,  Gj  have  been 
used  to  study  the  growth  process  in  MOMBE  and  MOVPE  systems.  Of  these,  spectro¬ 
scopic  ellipsometry  (SE)  is  the  most  powerful  tool,  in  the  sense  that  both  the  surface 
and  bulk  processes  can  be  monitored  in  real  time.  In-situ  analysis  by  spectroscopic  el¬ 
lipsometry  has  not  been  used  until  rr'cently,  because  the  analysis  is  computer  intensive. 
Due  to  the  advancement  in  computer  technology  and  software,  data  can  now  be  taken 
in  a  fraction  of  a  second,  so  that  it  can  be  meaningful  in  a  growth  environment. 

Lor  ellipsometric  studies,  a  linearly  polarized  light  beam  having  p-  and  s- 
polarization  components  is  inciden  on  a  surface.  The  reflected  wav<‘  i.s,  in  general,  el- 
liptically  polarized,  and  its  state  of  polarization  is  determined  using  a  seroiui  polar¬ 
izer  (called  an  analyzer).  The  analyzer  is  rotated  mechanically,  and  the  relative  inten¬ 
sity  of  light  as  a  function  of  analyzer  azimuth  is  measured.  We  have  used  an  arc  lamp 
as  a  light  source  with  the  output  connected  by  fiber  optics  to  a  computer  controlled 
monochromator.  The  light  from  the  monochromator  is  directed  through  a  fiber  optic 
cable  to  a  polarizer  and  then  to  the  sample  surface  at  an  angle  of  approximately  70  de¬ 
grees  to  the  normal.  The  signal  detected  after  the  analyzer  is  digitized  and  a  Fourier 
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analysis  is  performed.  The  result  is  a  measurement  of  the  polarization  .state  of  the  sys¬ 
tem  represented  by  the  complex  number  [7,  8| 

p  —  tant&exp(iA) 

The  data  is  frequently  expressed  in  terms  of  tl)  and  A.  The  value  of  p  is  related  to 
the  value  of  complex  reflection  coefficients, 

P  =  RJR. 

where  fi,,  and  R,  contain  information  on  the  properties  of  the  material  and  the  surface. 
By  fitting  the  experimental  reflection  results  with  the  theoretical  modelling,  we  can  ob¬ 
tain  information  about  the  nature  of  the  surface  as  well  as  the  material  composition. 

The  penetration  depth  is  varied  by  varying  the  wavelength  of  the  light  incident  on  the 
sample  from  SOOOA  to  9000A.  This  feature  is  the  most  important  because  a  suitable 
wavelength  can  be  used  depending  on  the  material  under  study.  At  Rensselaer,  we  have 
used  this  technique  to  study  the  growth  of  ZnSe  and  Zni_,jCd,Sc  on  GaAs  for  the  first 
time  in  a  low  pressure  MOVPE  system. 

2.  EXPERIMENTAL  SETUP 

Figure  1  shows  the  experimental  setup  for  the  SE  studies.  Our  experiments  were 
performed  in  an  r.f.  heated,  horizontal  MOVPE  reactor,  equipped  vviih  a  pressure- 
balanced,  vent-run  gas  system,  operating  at  low  pressure.  Dimethylcadmium  (DMCd), 
dimethylzinc  (DMZn)  and  dimethylsclenium  (DMSe)  were  used  as  the  sources  for  ZnSe 
and  Zni-jCdiSe  growth.  Substrates  used  were  (100)  GaAs  wafers  misoriented  2°  to¬ 
wards  (110).  The  reactor  pressure  was  maintained  at  300  Torr  for  all  the  growth  exper¬ 
iments.  The  reaction  chamber  was  a  2"  i.d.  quartz  tube,  with  3/1"  diameter  optical 
access  tubes  at  two  sides  so  that  the  incident  and  the  reflected  light  beams  were  at  ap¬ 
proximately  70°C  to  the  sample  surface.  The  windows  were  ]/■)"  thick  quartz  optical 
flats,  mounted  so  that  the  incident  light  passed  normal  through  them.  The  windows 
were  located  away  from  the  growth  environment  and  no  visible  deposition  was  ob.servcd 
on  them  after  many  runs. 

3.  RESULTS  AND  DISCUSSION 

We  studied  ZnSc  film  growth  at  400'’C  and  500°C  with  this  system.  During 
growth,  the  ellipsometer  continuously  acquired  data  at  throe  different  energies,  namely 
2.07  eV,  2.58  eV  and  4.13  cV.  Light  at  the  lower  energies  penetrated  the  entire  ZnSe 
film  and  was  reflected  back  from  the  ZnSc/GaAs  interface.  This  resulted  in  interference 
oscillations  as  the  film  growth  proceeded,  which  are  readily  observed  in  Figs.  2  and  3. 
From  the  number  of  oscillations  in  the  interference  pattern,  we  ran  estimate  the  thick¬ 
ness  to  be  0.75  pm;  this  has  been  verified  using  post  growth  mea.surement,  by  Fourier 
transform  infrared  spectroscopy.  The  use  of  shorter  wavelength  light  gives  higher  reso¬ 
lution,  which  is  required  to  monitor  the  deposition  of  thin  films.  Light  at  the  higher  en¬ 
ergy  could  not  penetrate  the  depth  of  the  ZnSc  film.  The  interference  oscih.itions  there¬ 
fore  died  out,  converging  to  a  steady  state  value  after  the  film  became  optically  thick,  as 
seen  in  Fig.  4.  Figure  5  shows  the  experimental  and  the  modeled  ellipsometric  data  for 
a  20  minute  growth  run  of  ZnSc  on  GaAs  at  4(K)‘’C,  using  this  high  energy  jirobe.  From 
the  ell  /metric  data  at  the  growth  temperature,  the  layer  parameters  were  obtained  as 
follows:  film  thickness  -  215  A,  growth  rale  10.9  A/minute. 


24,000  (T 


Figure  I .  Eipenmenial  Setup 
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Figure  2,  "F  dau  of  7633A  ZnSe  growth  on  GaAs  (lower  energy  data). 
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Figure  5.  A  daia,  eiperimemal  and  modeled,  of  Uiin  ZnSe  film  growih. 


Figure  6.  A  data.  Zn|,jCd,Se  layers  resulting  from  different  Cd  gas  phase  concentrations 
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Another  application  of  spectroscopic  ellipsometry  is  in  in-situ  monitoring  of  the 
composition  of  ternary  compounds.  We  deposited  Znj-iCdiSe  on  GaAs  with  varying  i 
values.  These  growth  runs  were  carried  out  at  500°C.  Figure  6  shows  the  spectroscopic 
ellipsometric  data  after  the  growth  of  ZnSe  and  Zni_iCdxSe,  taken  at  the  growth  tem¬ 
perature.  For  Zni-iCdxSe  growth,  the  DMCd/DMZn  ratio  in  the  gas  phase  was  3  to 

2.  For  clarity,  data  for  only  one  Zni-jCd^Se  layer  are  shown.  For  energy  below  the 
band  gap,  the  interference  fringe  pattern  is  observed,  which  gives  the  layer  thickness. 

For  light  energy  above  the  band  gap,  A  and  ^  values  give  information  on  the  composi¬ 
tion.  As  seen  in  the  figure,  the  band  gap  of  the  layer  can  be  estimated  during  growth. 
Even  though  the  gas  composition  was  60%  cadmium,  the  layer  composition  was  less 
than  25%.  The  SE  method  can  thus  be  used  to  find  the  layer  composition  for  a  ternary 
compound  during  growth.  Closed  loop  control  of  the  composition  should  be  possible 
after  characterization  of  standard  layers. 

4.  CONCLUSIONS 

In  conclusion,  we  have  shown  that  SE  method  can  be  used  for  in-situ  monitoring  of 
ZnSe  and  ZnCdSe  growth  rate.  Layer  thickness  to  tens  of  angstroms  can  be  controlled 
for  heteiuepitaxial  layers.  The  composition  of  ZnCdSe  was  also  measured  during  growth 
and  correlated  to  the  gas  phase  composition.  The  SE  technique  can  thus  be  used  for  the 
monitoring  and  control  of  various  epitaxial  layers  grown  in  an  organomctallic  epitaxial 
system. 
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ABSTRACT 

Pulsed  KrF  (248nm)  laser  ablation  of  a  polycrystalline  ZnS  target  has  been  used  to  grow 
high  quality,  carbon-free,  epitaxial  ZnS  thin  films  on  GaAs(OOl),  GaAs(l  11),  and  GaP(001). 
The  films  were  grown  at  temperatures  of  150-450°C,  using  a  rotating  substrate  heater  and 
deposition  geometry  that  produces  films  with  highly  uniform  thickness.  X-ray  rocking  curves 
are  consistent  with  (111)  stacking  faults  being  the  dominant  defects  in  the  ZnS  films  grown  on 
GaAs.  The  estimated  stacking  fault  density  is  -6  x  10'®  cm-3,  comparable  to  the  best  MOCVD 
ZnS  films.  RBS  analysis  shows  that  these  defects  are  located  predominantly  near  the  GaAs-ZnS 
interface.  The  anisotropy  of  the  ZnS  growth  rate,  between  the  GaAs(OOl)  and  GaAs(lll) 
surfaces,  was  found  to  be  temperature-dependent. 


INTRODUCTION 

Zinc  sulfide  (ZnS)  is  an  attractive  optoelectronic  material  because  of  its  wide  direct  bandgap 
(Eg  =  3.7  eV,  Xg  =  335  nm).  Thin,  epitaxial  ZnS  films  are  especially  interesting  because  of  their 
potential  applications  for  active  devices  such  as  blue  LEDs  or  laser  diodes  1 1 ),  and  for  passive 
structures  such  as  optical  waveguides  (2|  or  index-matching  windows  in  solar  cells  (3).  The 
techniques  used  to  grow  thin,  crystalline  ZnS  films  include  physical  transport  methods  (e.g., 
elemental  vapor  transpon)  and  metalorganic  chemical  vapor  deposition  (MIXVD)  14,5].  The 
physical  transpon  methods  require  high  growth  temperatures  of  50(>-900''C;  defect  complexes, 
which  may  act  as  carrier  trapping  centers,  are  formed  at  these  temperatures  16).  Experience  to 
date  with  pyrolytic  MOCVD  shows  that  the  principal  problems  with  this  approach  are  either 
premature  reactions  in  systems  using  HaS  and  zinc  ^yls  (e.g.,  dimethyl-  or  diethylzinc),  or  the 
high  temperatures  needed  to  promote  many  alkyl-ikyl  reactions  (e.g.,  dimeihylzinc  and 
dimethylsulfur)  (6).  In  either  case,  the  presence  of  an  alkyl  in  the  reaction  poses  an  inherent 
problem  of  carbon  incorporation  in  the  film,  which  may  result  in  film  polycrystallinity  and 
formation  of  carbon  defect  complexes  (71. 

Pulsed-laser  ablation  (PLA)  is  an  attractive  alternative  deposition  method  that  uses  solid, 
carbon-free  sources.  While  PLA  has  become  widely  known  recently  for  growth  of  epitaxial 
high-temperature  superconductor  films,  it  also  can  be  used  to  grow  epitaxial  films  of  other 
ceramics  (8|  as  well  as  both  elemental  (group  IV)  (9)  and  compound  (e.g.,  Il-VI)  (lO) 
semiconductors.  PLA  has  several  principal  advantages,  including  the  ability  to  grade 
compositionally  an  epitaxial  layer  (II);  growth  of  smooth  films  when  the  laser  energy  density, 
Ep,  and  the  target  surface  morphology  are  controlled  properly  (12);  and,  stoichiometric 
(congruent)  transport  of  material  from  the  ablation  target  to  the  substrate  surface,  when  laser 
beam  conditions  are  correctly  adjusted  (13).  Several  ablation  regimes  exist,  including  one  in 
which  the  constituents  are  transported  as  energetic  (-several  ev)  neutrals  and  ions  (14).  In 
principle,  this  incident  kinetic  and/or  internal  energy  can  be  used  to  reduce  the  growth 
temperature,  Tg.  However,  a  well-known  disadvantage  of  PLA  film  deposition  is  that  the 
angular  distribution  of  ablated  material  usually  is  strongly  peaked  in  the  forward  direction  so  that 
the  film  thickness  varies  rapidly  with  position  (-(cos  dj " ,  with  n  -1.5-10)  (15,16).  As  shown 
here,  this  problem  can  be  overcome  by  altering  the  ablation  “plume”-substrate  geometry, 
resulting  in  films  with  highly  uniform  thickness. 

In  this  paper  we  describe  the  preparation  and  structural  properties  of  epitaxial  ZnS  films 
grown  by  PLA  on  GaAs(OOl)  and  GaAs(lll)  substrates,  using  only  moderate  substrate 
temperatures,  Tg  -  3(X)‘’C,  and  moderate  laser  energy  densities,  Ep  =  0.2-1 .5  J/cm^.  Preliminary 
results  for  growth  on  GaP((X)I )  substrates  also  are  reported.  ZnS  films  with  excellent  thickness 
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uniformity  were  grown  by  using  an  offset  laser  beam  geometry  together  with  a  rotating  substrate 
heater.  Tlie  film  growth  rate  was  monitored  in  situ  using  an  optical  reflectivity  method.  An  ex 
situ  reflectivity  measurement  by  scanned  laser  spot  was  used  to  accurately  determine  film 
thickness  uniformity.  The  film-substrate  epitaxial  relationship  was  determined  by  x-ray 
diffraction  (XRD),  using  a  4-circle  goniometer  the  films’  crystalline  quality  (defect  density)  also 
was  studied  by  XRD,  using  a  2-circle  goniometer,  and  by  Rutherford  backscattering 
spectrometry  (RBS). 


FILM  DEPOSmON  CONOfTlONS  AND  GEOMETRY 

Substrates  of  Cr-doped  semi-insulating  (SI)  GaAs((X)l)  and  GaAs(l  1 1)  were  used,  with 
areas  of  25-50  mm^.  The  substrates  were  degreased  in  organic  solvents,  then  etched  (15s)  in 
concentrated  H2SO4.  The  S-doped  (n-type)  GaP(OOl)  samples  were  degreased,  then  etched 
(15s)  in  a  Br2(l%):MeOH  solution,  followed  by  an  etch  (5s)  in  a  HCliHNOj  solution. 
Following  this,  the  substrates  were  passivated  in  an  (NH4)2Sj,  solution,  mounted  on  the 
substrate  heater,  and  introduced  into  the  growth  chamber  (2  x  10'^  Torr  base  pressure). 
Immediately  prior  to  film  growth,  they  were  heated  to  420°C  for  3  minutes,  then  cooled  to  the 
growth  temperature.  It  has  been  reported  in  MOMBE  growth  experiments  that  this 
passivation/preheat  treatment  results  in  a  2  x  1  reconstruction  of  the  GaAs  surface,  a  reduction  of 
the  surface-state  density,  and  allows  two-dimensional  (2D)  nucleation  to  occur  from  the 
beginning  of  growth  [17). 

The  substrate  heater  was  designed  with  a  pumped  Wilson  seal  to  allow  the  substrate-target 
separation  to  be  varied  while  still  permitting  substrate  rotation  during  growth.  The  target  and 
substrate  faces  were  vertical  and  parallel,  with  coincident  rotational  centerlines.  Substrate-target 
separations.  Dm,  were  maintained  at  either  5.7  cm  or  10.8  cm.  At  Dst  =  5.7  cm,  film  growth 
was  carried  out  for  Tg  =  200-400°C,  while  for  Dst  =  10.8  cm,  the  temperature  range  used  was 
Tg  =  1  srvMsnoc.  Growth  was  ctuiicd  out  in  vacuum  or  in  an  inert,  low-pressure  atmosphere 
of  ultra-high  purity  (99.9999+  %)  helium.  Growth  in  helium  had  little  or  no  effect  on  film 
quality,  for  pressures  in  the  0-10  mT  range.  Unless  otherwise  noted,  the  films  discussed  below 
were  grown  in  an  atmosphere  of  2  mT  He,  with  Dst  =  10.8  cm,  to  a  film  thickness  -225  nm. 

A  pulsed  KrF  (248nm)  excimer  laser  beam  (-35  ns  FWHM  pulse  duration)  was  passed 
through  an  aperture  and  brought  to  a  vertical  focus  (Ep  =  0.2  -  1.5  J/cm^)  on  a  2.54  cm-diam 
polycrystalline  ZnS  target  (Angstrom  Sciences;  99.999+  %  purity)  using  a  single  +500  mm 
cylindrical  lens.  The  laser  beam  was  incident  on  the  target  face  at  an  angle  of  -25°  from  the 
surface  normal,  with  a  horizontal  offset  L  =  0.5-0.7  cm  from  the  rotational  centerline.  Substrate 
rotation  was  maintained  such  that  there  were  12.5  laser  pulses  per  revolution. 


LASER  BEAM  DISTANCE  FROM  SUBSTRATE  CENTER  (mm) 

Figure  1 .  Offset  geometry  and  resulting  differences  in  film  thickness  uniformity  for 
Dji  =  5.7  cm,  and  Ep  =  0.35  J/cm^,  with  no  substrate  rotation  or  offset  (1200  shots),  and  with 
12.5  laser  shot.s/rev,  and  5  mm  laser  beam  offset  (20(X)  shots). 
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Figure  1  shows  that  for  Dji  =  5.7  cm,  this  offset  geometry  and  pulse  rate  resulted  in  films 
that  were  completely  uniform  (±1%)  in  thickness  over  areas  of  -75  mm^,  and  moderately 
uniform  (±3%)  over  areas  of  -300  mm^.  By  modeling  the  film  thickness  uniformity  as  a 
function  of  Dsi  and  L,  we  found  tha  uniform  film  thickness  can  be  achieved  over  much  larger 
areas  simply  by  scaling,  i.e.,  using  larger  separations  and  offsets  (18).  Thus,  although  the  small 
size  of  the  ablaion  target  and  chamber  are  constraining  factors  in  the  present  experiments,  these 
are  not  fundamental  constraints  on  larger-scale  applicaions  of  the  PLA  film-growth  method. 


RESULTS  AND  DISCUSSION 

The  ZnS  films  appeaed  smooth  and  mirrorlike  under  all  deposition  conditions; 
examination  by  scanning  electron  microscope  (SEM)  revealed  no  surface  feaures  or  structure  a 
the  50  nm  level  of  resolution. 


Epitaxial  Alignment 

The  crystallographic  structure  of  the  films  was  chaacterized  by  XRD  (Cu  Ko) 
measurements.  For  growth  on  GaAsfOOl),  only  substrate  peaks  and  strong  ZnS(OOf) 
diffraction  peaks  were  observed  at  all  growth  temperatures  (Tg  =  150-450°C)  and  for  Et  = 
0.2-1. 5  J/cm^,  confirming  alignment  of  the  film  and  substrate  (001)  axes.  Analysis  of  ZnS 
growth  on  GaAs(OOl)  (Ep  =  0.35  J/cm^,  Dj,  =  5.7  cm,  Tg  =  300°C  )  using  a  4-circle 
goniometer  showed  tha  the  ZnS(00I  |  and  GaAs|()0l  |  were  aligned  to  within  <  0.2“,  and  tha  the 
in-plane  ZnS  and  GaAs  [lOO]  and  (01 0|  directions  also  were  aligned,  i.e.,  the  ZnS  films  are  fully 
epitaxial  on  GaAs(OOl).  The  latice  constant,  ao,  of  the  ZnS  film  was  determined  to  be  5.404  ± 
0.003  A  (bulk  ao  =  5.406  A.) 

On  GaAs(lll),  simila  results  were  obtained:  Only  substrae  peaks  and  strong  ZnS(PJPP) 
peaks  were  observed  for  ^  growth  temperatures,  and  the  ZnS(PPP)  Kai,  Ka2  peaks  were 
easily  resolved  at  all  To.  'we’  -’r,  on  GaP(001)  only  a  low  intensity  ZnS(004)  peak  was 
observed  for  Tg  >  300^Ca  35  J/cm^.  At  no  temperaure  could  the  20  peak  be  resolved 

into  its  Ktti,  K02  compone  •  in-plane  alignment  has  not  yet  been  determined  for  films 
grown  on  the  GaAs(  1 1 1 )  ana  ■  01)  substrates. 


X-rav  Broadening  Due  to  Lattice  Defects 

The  lage  lattice  mismatch  between  ZnS  and  GaAs  (4.4%),  and  between  ZnS  and  GaP  (0.8%), 
results  in  strain  and  lattice  defects  that  contribute  to  line  broadening  in  the  ZnS  XRD  peaks.  For 
epitaxial  ZnS  growr.  by  MOCVD,  cross-sectional  high-resolution  TEM  (HRTEM)  studies  (19) 
showed  tha  the  principal  defects  were  stacking  faults,  but  lattice  mismatch  did  not  correlae  with 
the  stacking  fault  density. 

Figures  2  and  3  show  typical  rocking  curve  line  profiles  for  the  ZnS(004)  Ka;  and 
ZnS(l  1 1)  Koi  peaks,  using  a  2-circle  goniometer.  Two  superimposed  peaks,  one  narrow  and 
one  much  broiler,  were  observed  for  each  orientation.  The  narrow  central  peak  has  a  FWHM  of 
-  0.09°,  which  is  the  limit  of  resolution  for  this  instrument;  the  width  of  this  peak  did  not  change 
with  growth  temperature.  However,  for  both  the  GaAs(OOl)  and  GaAs(l  11)  substrates  the 
width  of  the  second,  broad  peak  was  temperature  dependent.  For  the  ZnS(004)  peak,  the 
rocking  curve  FWHM  decreased  as  Tg  increased,  reaching  a  minimum  at  Tg  -325°C,  then 
increased  at  higher  growth  temperatures  (Fig.  4.)  For  the  ZnS(1 1 1)  peak,  the  rocking  curve 
FWHM  decreased  continuously  with  increasing  growth  temperature  (Fig.  5).  At  Tg  =  300°C,  the 
integrated  area  intensity  ratios  of  the  two  peaks,  Inarrow/lbroad,  were  In/lb(001)  -0.06  and 
IVIb(lll)-1.08. 

The  two  peaks  seen  in  the  rocking  curve  line  profiles  are  characteristic  of  a  film  that 
contains  two  distinct  types  of  crystalline  material.  The  broad  peak  is  due  to  diffraction  by 
strained  (or  otherwi.se  defective)  regions,  from  which  the  diffracted  amplitude  is  summed 
incoherently;  the  narrow  peak  originates  from  regions  of  coherent  addition  of  diffracted 
amplitudes.  Consequently,  for  an  epitaxial  film,  the  relative  intensities  of  the  narrow  and  broad 
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peaks  provide  information  about  the  type  of  defects  present,  by  the  following  reasoning. 
Stacking  faults  on  the  (111)  planes  have  little  effect  on  the  lattice  coherency  in  the  ((12£) 
direction;  thus,  a  narrow  rocking  curve  is  obtained.  However,  lattice  planes  intersected  by 
stacking  faults  [e.g.,  the  (OOfi)l  will  be  offset  across  the  fault  by  a  non-integral  multiple  of  the 
lattice  spacing;  this  decreases  coherency  and  appears  as  broadening  of  the  rocking  curve. 
Therefore,  the  different  relative  diffraction  intensities  (In/lb)  quoted  above  for  ZnS/GaAs((X)l) 
and  ZnS/GaAs(  111)  rocking  curve  line  profiles  are  consistent  with  ( 1 1 1 )  stacking  faults  being 
the  predominant  defects  in  ZnS  films  grown  by  PLA.  This  is  not  surprising  due  to  the  low 
(5.4  mJ/m^  [22])  stacking  fault  energy  of  ZnS.  The  presence  of  a  narrow  ((X)l)  peak  indicates 
that  a  region  of  near-perfect  (coherently  diffracting)  crystalline  material  exists. 


Figure  2.  Rocking  curve  profile 
for  ZnS(004)  on  GaAs(001 ) 


GROWTH  TEMPERATURE  (°C) 

Figure  4.  ZnS(004)  Kaj  rocking  curve 
ZnS/GaAs((X)l),  Ej  =  0.75  J/cm^ 


Figure  3.  Rocking  curve  profile 
forZnS(lll)opiRaAs(lll) 


GROWTH  TEMPERATURE  (°C) 

Figure  5.  ZnS((X)4)  Kai  rocking  curve  for 
for  ZnS/GaAs(  1 1 1 ).  Ej  =  0.75  J/cm^ 


Sebastian  and  Krishna  (20|  studied  the  broadening  of  the  20  XRD  peaks  due  to  a  random 
distribution  of  stacking  faults  in  close-packed  single  crystals,  with  application  specifically  to  ZnS 
(treated  as  two  interpenetrating  fee  lattices).  They  found  that  the  FWHM  (A20)  of  certain  20 
peaks  (e.g.,  (004)  peaks)  is  related  to  the  stacking  fault  probability  (a)  by 


A20  =  (3/n)  cos-'|(4Z-Z2-1)/2Z1. 
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For  growth  faults  (no  deformation  twinning),  Z  =  (2a-l  Once  a  has  been  determined, 
the  stacking  fault  density  (p)  can  be  calculated  |21).  (Consequently,  if  the  principal  defects  in 
PLA-grown  ZnS  films  are  stacking  faults,  as  in  MCHUVD  ZnS,  then  an  upper  tound  for  the 
defect  density  can  be  obtained  by  assuming  that  all  of  the  observed  26  broadening  is  due  to 
stacking  faults. 

Extensive  line  broadening  of  the  (OOP)  20  peaks  was  observed;  For  Tg  >  250°C,  the 
ZnS(OOP)  Ktti,  Kaz  peaks  were  deconvoluted  using  a  Pearson  VII  function- fitting  routine, 
while  for  Tg  <  250°  C  the  peaks  could  not  be  deconvoluted.  The  A20  of  the  ZnS(002)  Koi  peak 
reached  minimum  values  of  0. 1 1 6°,  0. 103°,  and  0.093°  (corrected  for  instrumental  broadening)  at 
Tg's  of  300°C,  350°C,  and  400°C,  respectively.  For  stacking  faults  bounded  by  <1 1 2>/6  partial 
dislocations,  the  broadening  observed  here  corresponds  to  a  stacking  fault  density  p  ~6  x  10'^ 
cm/cm^.  This  value  is  comparable  to  the  lowest  stacking  fault  densities  found  by  HRTEM 
examination  of  high  quality  MOCVD  ZnS  films  (19). 

In  contrast  to  the  results  obtained  for  GaAs(OOl),  no  temperature-dependent  line 
broadening  of  the  20  peaks  was  observed  for  growth  on  GaAs(  111).  The  A20  for  the  ZnS(  111) 
Kai  peak  was  0.035°  (corrected  for  instmmental  broadening). 

As  explained  above,  the  (001)  rocking  curve  (Fig.  2)  reveals  that  both  near-perfect 
(coherently  diffracting)  and  strained  or  defective  (incoherently  diffracting)  regions  are  present. 
The  strained/defective  region  can  be  located  by  RBS  channeling.  The  RBS  spectrum  of  a 
ZnS/GaAs(001 )  sample  in  Fig.  6  shows  that  the  minimum  yield,  X^in,  from  the  surface  region 
is  much  less  than  from  material  near  the  film-substrate  interface.  (This  is  most  easily  seen  from 
the  difference  in  slope  of  the  sulfur  peak  for  the  aligned  and  random  spectra.)  This  indicates  that 
most  of  the  strain  and  defects  are  located  near  the  interface,  with  the  uppermost  region  of  the  film 
being  near-perfect.  This  has  been  confirmed  by  initial  cross-section  TEM  images. 
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Figure  6.  Rutherford  backscattering  spectra, 
random  and  channeling  directions,  for 
ZnS/GaAs(001)  with  Tg  =  400°C, 


Figure  7.  Relative  growth  rate  in 
comparison  for  ZnS/GaAs(T  1 1) 
and  &S/GaAs(001 )  at  various 
growth  temperatures. 


Growth  Rate:  Temperature-Dependent  Anisotropy 

The  ZnS  film-growth  rate  was  measured  in  situ  via  the  interference  oscillations  in  the 
intensity  of  a  HeNe  (633  nm)  laser  beam  reflected  from  the  upper  and  lower  surfaces  of  the 
growing  film.  For  E(  =  0.75  J/cm^,  the  growth  rates  for  the  ZnSAjaAs((X)l)  films  were  in  the 
range  1 .25-1 .82  A  per  la.ser  shot,  while  for  ZnS/GaAs(l  1 1 )  the  rates  were  similar.  1 .06-1 .79  A 
per  laser  shot.  The  variation  in  growth  rate  was  found  to  be  small  in  any  particular  growth  run 
(<±7%).  Since  the  radial  di-stance  of  the  HeNe  probe  laser  beam  from  the  rotational  centerline 
varied  from  run  to  run,  absolute  growth  rates  in  different  tuns  are  not  directly  comparable. 
However,  because  of  the  relatively  large  area  of  uniform  deposition,  as  many  as  four  36  mm^ 
sutetrates  could  be  mounted  in  each  run,  making  possible  the  direct  determination  of  relative 
growth  rates  for  different  pairs  of  substrate  materials,  or  for  substrate  surfaces  of  different 
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crystallographic  orientation,  during  a  single  growth  nin.  In  this  way,  it  was  found  that  the  ZnS 
growth  rate  was  the  same  on  GaAs(OOl)  and  OaPfOOl)  for  all  Tg,  but  the  growth-rate  ratio 
GR(11 1)/GR(001)  decreased  with  increasing  temperature,  as  shown  in  Fig.  7.  The  different 
temperature  dependences  of  the  (001 )  and  (1 11)  rocking  curve  widths  (Figs.  4  and  5)  and  of  the 
(001)  and  (111)  growth  rates  (Fig.  7)  probably  are  related.  Adsorption  and  desorption  are 
competing  processes  in  film  growth.  Since  bond  strength  is  crystal  orientation-dependent,  the 
different  temperature  dependences  may  arise  from  different  adsorption  and/or  desorption  rates  on 
the  (1 11)  and  (001)  faces.  However,  these  data  are  insufficient  to  suggest  a  detailed  mechanism. 


CONCLUSION 

We  have  demonstrated  that  PLA  is  an  attractive  method  for  growth  of  fully  epitaxial  ZnS 
thin  films  with  excellent  thickness  uniformity.  Rocking  curve  profile  data  indicates  that  stacking 
faults  are  the  predominant  defects  present  in  these  films;  the  stacking  fault  densities  are 
comparable  to  those  found  in  the  best  films  grown  by  MOCVD.  However,  the  PLA-grown  films 
have  the  advantage  that  they  are  inherently  carbon-free.  RBS  and  TEM  analyses  show  that  in 
films  -220  nm  thick,  the  -120  nm  nearest  the  GaAs-ZnS  interface  is  highly  faulted,  but  the  upper 
-100  nm  is  much  less  defective.  Finally,  we  find  that  on  GaAs  the  anisotropy  of  the  ZnS 
epitaxial  growth  rate  is  temperature-dependent. 

This  research  was  sponsored  by  the  Division  of  Materials  Sciences,  U.S.  Department  of 
Energy  under  contract  DE-AC05-840R21400  with  Martin  Marietta  Energy  Systems,  Inc. 
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ABSTRACT 

Several  series  of  sodalite  analogues  of  unit  cell  composition  M8X2(T02)i2,  where  M  is  Zn  or 
Cd,  X  is  a  chalcogen,  and  T  is  a  tetrahedral  cation  B,  or  Be  in  combination  with  Si  or  Ge,  have 
been  prepared.  An  M4X  tetrahedron,  which  is  the  first  coordination  sphere  of  the  bulk 
semiconductor  MX,  sits  at  the  center  of  each  sodalite  cage.  These  materials  have  been 
structurally  characterized  by  solid  state  ^'’Se  and  DSXe  MAS  NMR  and  by  powder  X-ray 
diffraction.  Diffuse  reflectance  optical  absorption  spectra  are  reported  for  each  series.  The 
borates  have  optical  properties  similar  to  the  bulk  MX  whereas  the  beryllosilicates  and 
germanates  exhibit  large  blue  shifts  in  the  absorption  spectra. 

INTRODUCTION 

Zinc  and  cadmium  chalcogenides  are  used  for  various  electrooptic  applications  including 
photoconductors,  phosphors,  optical  waveguides  and  semiconductor  devices.  Epitaxial  growth 
of  heterostructures  has  resulted  in  the  fine  tuning  of  electronic  properties  for  specific 
applications  [1]  and  this  is  one  reason  why  these  materials  are  exciting  candidates  for  closer 
examination.  Another  method  for  fine  tuning  semiconducting  materials  is  by  cluster  size 
quantization:  physically  limiting  the  size  of  the  particles  to  dimensions  below  the  exciton  radius 
by  formation  of  colloidal  suspensions  (2|  or  by  inclusion  in  porous  hosts  [3].  Size 
quantization  of  cadmium  chalcogenides  has  been  widely  demonstrated  in  the  literature:  the 
products  exhibit  optical  spectra  which  are  blue-shifted  from  that  of  bulk  CdS  [4]. 

Our  approach  in  this  study  is  to  begin  with  the  first  coordination  sphere  of  the 
semiconductor  MX  and  build  up  an  expanded  structure  of  these  tetrahedra  within  a  rigid 
framework.  The  unit  cell  structure  of  a  sodalite  analogue  with  composition  MgXziTOzliz  is 
shown  in  Figure  1,  where  M  is  Zn  or  Cd,  X  is  a  chalcogen  and  T  is  a  tetrahedral  atom  bonded 
to  bridging  oxygens  to  form  the  sodalite  cage.  The  M4X  tetrahedron  occupies  the  center  of  this 
cage.  By  varying  the  cage  composition,  and  hence  the  cage  size,  the  distance  between  M4X 
clusters  and  the  cage  electric  field  can  be  varied. 

In  the  borate  analogues,  in  which  all  of  the  T  atoms  are  boron,  the  cages  are  small  enough 


Figure  1.  Sodalite  unit  cell.  The  central  M4X  tetrahedron  is  represented  by  the  circles  and  the 
tetrahedral  cage  atoms  are  located  at  the  vertices. 
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SO  that  the  MX  bond  distance  is  shorter  in  the  sodalite  than  in  the  corresponding  bulk  material. 
As  reported  previously  for  Zn4S  borate  the  Zn-S  bond  length  is  2.260(3)  A  compared  with  2.34 
A  in  the  bulk  sphalerite-type  ZnS  [5],  In  the  ZnaS  beryllosilicate  and  beryllogermanate,  the  Zn- 
S  distances  are  2.346(2)  and  2.345(3)  A,  respectively.  Due  to  the  larger  cation  size  in  the 
beryllogermanates,  the  cage  volume  is  slightly  smaller  than  in  the  corresponding 
beryllosilicates.  Similar  trends  are  observed  with  the  selenides.  The  borate  cage  is  too  small  to 
accommodate  the  tellurium  anion,  however;  the  zinc  and  cadmium  telluride  beryllosilicates  and 
germanates  have  been  prepared. 

Here  we  report  the  effect  on  the  optical  absorption  when  the  central  anion  is  varied  in  the 
solid  solution  series  Zn8SxSe2-x(B02)i2,  the  effects  of  doping  sulfur  into  the  oxoborate  and 
oxygen  into  the  sulfoborate,  and  also  present  the  NMR  and  optical  characterization  of  the  zinc 
selenide  and  telluride  beryllosilicates  and  germanates. 

EXPERIMENTAL 

The  sodalite  analogues  were  prepared  by  solid  state  synthesis  in  sealed  graphite-coated 
quartz  ampules.  Stoichiometric  mixtures  of  the  oxides  and  chalcogenides  were  ground  together, 
heated  under  vacuum  to  ca.  500  °C  to  remove  water,  evacuated  to  10-3  Xorr  and  sealed.  Each 
ampule  was  placed  separately  inside  a  loosely  fitting  #304  stainless  steel  tube  as  a  secondtiry 
containment  device  in  the  event  of  ampule  failure.  The  samples  were  placed  in  a  muffle  furnace 
and  heated  to  850  °C  for  12  to  24  hours.  The  recovered  powders  were  stable  to  oxidation  and 
could  be  mixed  with  water  and  sonicated  to  remove  any  residual  graphite  or  broken  quartz. 
Due  to  the  toxic  nature  of  the  reactants,  especially  that  of  BeO,  all  sample  manipulations  wei. 
carried  out  in  a  N2  flow-throuph  giovebox  fitted  into  a  fume  hood. 

High  resolution  powder  diffraction  data  were  collected  with  a  Scintag  Pad  X 
diffractometer  and  Rietveld  structural  analyses  were  carried  out  as  described  previously  16). 
>25Te  and  ’'^Se  Magic  Angie  Spinning  NMR  spectra  were  obtained  at  94.7  and  57.3  MHz. 
respectively,  on  a  General  Electric  GN-3()0  spectrometer  using  a  7-mm  MAS  probe  from  Doty 
Scientific,  The  spectra  were  acquired  with  90°  pulses  of  length  5  ps  for  >25Te  and  8,5  ps  for 
■’’Se.  Recycle  delays  varied  from  several  minutes  to  two  hours.  Diffuse  reflectance  optical 
absorption  spectra  were  measured  with  a  Cary-14  spectrometer  upgraded  by  On-Line 
Instrument  Systems. 

RESULTS 

1.  The  Solid  Solution  Series  ZngSxSez-xfBOz)):-  The  effect  of  varying  the  central 
anion  was  examined  in  the  solid  solution  series  containing  S  and  Se.  Optical  absorption  data 
for  this  series  are  shown  in  Figure  2.  The  absorption  edge  shifts  to  a  higher  energy  in  a 
.systematic  fashion  as  the  amount  of  S  relative  to  Se  is  increased.  At  the  end  points  (ZnsSe2 
borate  and  Zn8S2  borate)  the  absorption  edge  is  sharp,  indicating  that  the  cluster-cluster  contact 
distances  are  unifomi.  In  the  solid  solutions,  which  were  shown  to  be  single  phase  materials  by 
powder  XRD,  the  M4X  tetrahedra  are  disordered,  which  is  reflected  in  the  broader  optical 
features. 

2.  Effects  of  Doping  in  the  Zn*0,S2.i(  BOzliz  System.  Fine  tuning  of  the 
absorption  edge  can  be  accomplished  by  doping  small  amounts  of  sulfur  into  the  zinc  oxoborate 
and  oxygen  into  the  sulfoborate.  as  shown  in  Figures  3A  and  3B.  In  each  of  these  series  the 
dopant  level  was  small  enough  that  the  unit  cell  size  was  unchanged. 

3.  Optical  and  NMR  Characterization  of  the  Beryllosilicates  and  (Germanates. 

The  effect  of  varying  the  cage  atoms  was  measured  by  examining  solid  solution  series  of  the 
beryllosilicates  and  germanates.  In  Figure  4A  are  shown  the  '^.STe  MAS  NMR  spectra  of 
Zn4Te  in  beryllosilicate  and  beryllogermanate  hosts.  The  narrow  linewidths  and  absence  of 
spinning  sidebands  (even  at  spinning  speeds  as  slow  as  1.5  kHz)  verify  that  the  central  anion 
resides  in  a  well-defined  tetrahedral  site  with  essentially  zero  chemical  shift  anisotropy.  The 
chemical  shifts,  measured  relative  to  CdTe,  are  -466  ppm  for  the  silicate  and  -491  ppm  for  the 
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Figure  2.  Optical  absorption  data  for 
the  series  Zn8S,Se2.x(B02)i2,  where 
X  =  (a)  2.0,  (b)  1.8,  (c)  1.6,  (d)  1.4, 
(e)  1.5,  (f)  1.0,  and  (g)  0.2. 
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Figure  3A.  Effects  of  doping  S  into  Zinc 
Oxoborate.  Zn80,S2.x(B02)i2.  where 
X  =  (a)  2.00,  (b)  1.98,  (c)  and  (d)  1.97, 
(e)  1.99.  The  unit  cell  constant  for 
these  body-centered  cubic  structures 
was  7.475(2)  A  for  each  solution. 


Figure  3B.  Effects  of  doping  O  into  Zinc 
Sulfoborate.  Zng0xS2.x(B02)i2.  where 
X  =  (a)  0.00,  (b)  0.02,  (c)  0.06,  and 
(d)  0.10.  The  curve  at  (e)  is  the  bulk 
sphalerite  ZnS. 


WtvdcRftb  (no) 


252 


JK, 


-»0T 


Figure  4A,  'Z^Te  MAS  NMR  spectra  of  (a)  bulk  ZnTe.  (b)  bulk  CdTe  (reference  compound.  6 
=  0  ppm)  (c)  Zn8Te2(BeSi04)6  and  td)  Zn8Te2(3eGe0.i)s. 
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[  i^zure  4H.  Optical  absorption  data  of  (a)  /,nsTc:(BcCicO.*)h.  (h)  /ns  Tc^t  RcSiOJ)^.  and  (c > 
bulk  ZnTc;  the  absorption  cdp.c  is  indicated  by  the  arrow. 
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Figure  5A.  77Se  MAS  NMR  spectra  of  (a)  bulk  ZnSe,  (b)  bulk  CdSe  (reference  compound.  5  =  0 
ppm)  (c)  Cd8Se2(BeSi04)6  aJid  (d)  Zn8Se2(B02)i2- 
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Figure  5B.  Optical  absorption  data  of  (a)  bulk  sphalerite  ZnSe.  (b)  Zn8Se2(B02)i2,  and  (c) 
Zn8Se2(BeSi  5Ge,s04)6. 
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germanate,  compared  with  +2(X)  ppm  for  the  parent  compound  ZnTe.  The  large  upfield  shift  in 
both  sodalite  structures  is  indicative  of  a  dramatic  change  in  the  chemical  bonding  properties  of 
the  central  anion.  This  is  expected;  essentially  the  first  coordination  sphere  of  the  bulk  is 
isolated  within  the  sodalite  cage  and  charge  delocalization  is  restricted  primarily  to  the  Zn4Te 
letrahedra.  Consistent  with  these  results  are  the  optical  spectra,  shown  in  Figure  4B;  the  large 
blue  shifts  relative  to  the  bulk  reflect  the  change  in  electronic  structure. 

The  analogous  selenide  system  was  examined  by  '^'^Se  MAS  NMR  and  the  results  are 
shown  in  Figure  5A,  As  in  the  teliuride  compounds,  the  shifts  are  far  upfield  from  those 
measured  in  the  bulk  semiconductors  ZnSe  and  CdSe.  Noteworthy  is  the  observation  that  the 
shift  difference  between  the  ZnaSe  and  CdiSe  sodalites  is  approximately  the  same  as  that 
between  bulk  ZnSe  and  CdSe. 

Also  similar  to  the  results  obtained  for  the  Te-compounds  are  the  absorption  data,  shown 
in  Figure  5B.  For  the  ZnsSezfBeSi  sGe.sOalf;  compound,  the  absorption  band  is  dramatically 
blue-shifted  relative  to  bulk  ZnSe.  An  anomaly  seems  to  appear  with  the  Zn4Se  borate 
material,  however.  From  the  NMR  results,  the  Se  bonding  state  clearly  is  electronically  distinct 
from  the  bulk  ZnSe  and  yet  the  absorption  edge  is  not  shifted  to  any  large  degree.  Thorough 
"washing"  of  the  Zn4Se  borate  to  remove  any  residual  bulk  ZnSe  failed  to  change  significantly 
the  optical  absorption  (7|.  The  forced  proximity  of  the  Zn4Se  letrahedra  in  the  borate  apparently 
results  in  absorption  bands  close  to  that  of  the  bulk,  despite  the  fact  that  the  nature  of  the 
electronic  transitions  are  very’  different  in  the  two  materials. 

DISCUSSION 

It  has  been  shown  that  the  optical  properties  of  zinc  chalcogenides  can  be  varied  by 
inclusion  into  the  sodalite  framework.  In  the  borates,  in  which  the  M-X  distance  is  shorter  in 
the  sodalite  than  in  the  corresponding  bulk,  the  optical  properties  depend  on  the  constitution  of 
the  central  tetrahedra.  Sharp  band  edges  are  observed  for  end  members  in  a  solid  solution  series 
and  these  features  broaden  slightly  as  the  anion  is  mixed  for  single  phase  materials. 

In  the  beryllosilicates  and  beryllogermanates,  the  cage  effects  dominate  the  optical  spectra. 
The  M-X  distances  in  these  materials  are  comparable  to  those  in  the  bulk  and  the  letrahedra  are 
well  separated  from  each  other.  The  exact  nature  of  the  optical  absorption  band  in  these 
materials  has  not  yet  been  assigned;  further  characterization  is  in  progress. 
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ABSTRACT 

It  has  generally  been  concluded  that  good  doping  in  wide-gap  semiconductors  is  best 
accomplished  by  non-equilibrium  means.  Excimer  la.sers,  because  of  their  high  intensity  and 
short  pulses,  are  ideal  for  this.  Our  earlier  la.ser  annealing  work  on  bulk  ZnSe  resulted  in 
complications  due  to  incrca.sed  twinning  of  the  sample.  Our  present  work  shows  that  twinning 
can  be  eliminated  by  the  use  of  originally  untwinned  MBE  material.  The  MBE  samples  had  the 
additional  advantage,  over  hulk,  of  a  far  smoother  surface,  which  simplified  the  investigation  of 
melting  and  evaporation.  U.se  of  power  levels  of  10,  20,  and  .7,S  MW/cm^  showed  no  melting  at 
10  MW/cm’,  melting  and  no  detectable  evaporation  at  20  MW/cm^,  and  evaporation  at  35 
MW/cm^.  Combined  ion  beam  cratering  and  SEM  examination  showed  a  depth  of  the  melted 
layer,  at  20  MW/cm^,  of  -  0.5  pm.  Moreover,  AES  analysis  showed  minimal  decomposition  of 
the  20  MW/cm^  .sample. 


I.  INTRODUCTION 

Wide  band  gap  materials  such  as  Zn.Se  are  of  high  interest  for  applications  in  visible  light 
emitting  devices  .such  as  diode  lasers  and  display  panel.s.  Obtaining  bipolar  conductivity  in  such 
materials  has  however  been  a  pervasive  problem;  for  Zn.Se.  the  problem  has  been  to  obtain 
adequate  p-type  conductivity.  For  yeans,  reports  of  high  conductivity  could  not  be  reproduced 
(sec  e.g.  ref.  1).  This  problem  has  been  alleviated  recently,  with  carrier  concentrations  of 
3*10'Vcm\  first  reported  by  Park  ei  al.l21,  now  having  been  obtained  by  a  number  of  other 
groups  (e.g.  ref.3).  Nevertheless,  even  higher  concentrations  would  be  desirable. 

Based  on  an  analysis  showing  low  dopant  .solubilities  in  wide-gap  materials  |4),  one  of  us  has 
suggc.sted  that  non-equilibrium  dr'pant  incorporation  is  required.  One  approach  to  this  is 
incorporation  via  excimer  la.ser  melting.  This  is  known  to  give  dopant  concentrations  above  the 
.solubility  limit  in  the  case  of  elemental  and  III-V  compound  .semiconductors,  by  increa.sing  the 
sub.stitutional  dopant  concentrations  and  activating  the  dopant  atoms  that  had  been  incorporated 
via  other  nonequilibrium  pr<Ke.s.scs  like  ion-implantation.  MBE  eic.|5).  In  our  prior  work  [6].  we 
ailempied  to  redistribute  the  dopant  (Na)  from  the  interstitial  (donor)  site  to  the  .substitutional 
(acceptor)  site  by  using  such  excimer  lasers.  This  work  was  carried  out  on  bulk  ZnSe.  and 
although  it  showed  .some  encouraging  rc.suU,s,  all  .samples  .showed  appreciably  heavier  twinning 
after  the  la.ser  treatment  than  before  it.  .Such  twinning,  ba.scd  on  an  analysis  of  literature  by  one 
of  us  !  1 1,  is  not  .satisfactory  for  either  good  doping  or  good  device  performance.  However,  all 
bulk  material  in  that  work  .showed  some  initial  twinning,  and  in  view  of  the  potential  benefits  of 
excimer  la.scr  processing,  we  felt  that  the  method  should  be  tried  on  initially  untwinned  material, 
to  check  whether  this  would  re.sult  in  good  (untwinned)  material  subsequent  to  melting.  The 
present  work  examines  this  point. 

In  addition  to  examining  the  que.stion  of  (winning  on  originally  untwinned  material  (the 
present  .samples  were  grown  by  MBE  -  sec  ref.  7),  investigations  were  carried  out  to  determine 
(hat  the  samples  did  melt,  that  there  was  minimal  evaporation,  and  that  there  was  minimal 
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surface  decomposition  (i.e.  preferential  evaporation  of  one  constituent).  In  our  prior  work  [6|, 
we  did  investigate  the.se  points.  However,  although  we  did  obtain  good  circumstantial  evidence 
on  melting  and  on  absence  of  decomposition,  we  did  not  obtain  detinitivc  evidence.  We  thus  felt 
that  obtaining  further  corroborative  evidence,  on  tbe  present  better  MBE  samples,  was 
warranted. 


2.  EXPERIMENTAL 

The  samples  used  were  MBE  grown,  undoped  ZnSe  on  GaAs  with  a  (100)  orientation.  The 
ZnSe  epilayer  was  3nm  thick  with  a  mirror  smooth  surface  and  good  luminescence 
characteristics.  A  Lambda  Physik  EMG  102  MSC  excimer  laser  was  used  to  anneal  the  samples. 
The  wavelength  of  the  coherent  radiation  was  308  nm  and  the  pulse  duration  was  -20  ns.  The 
samples  were  cleaned  with  methanol  before  annealing  (the  first  sample  to  be  annealed  was  not 
cleaned,  but  showed  poor  results.  See  section  3).  All  the  samples  were  mounted  on  a  graphite 
block  and  annealed  in  air  (we  do  not  expect  any  atmospheric  contamination  during  the  ulU'a 
short  laser  pulse  anneal).  The  laser  spot  was  focussed  by  a  UV  lens  to  tbe  desired  spot  size, 
which  was  usually  in  the  range  of  a  few  square  mm.  Based  on  our  earlier  results  on  bulk 
ZnSe[6],  we  used  single  laser  pulses  with  intensities  in  the  range  of  10-40  MW/cm^. 

An  optical  Nomarski  microscope  and  a  JOEL  scanning  electron  microscope  (SEM)  were  used 
to  observe  the  surface  morphology  and  to  check  on  possible  twinning  features  on  the  surface  of 
the  sample.  A  Perkin  Elmer  660  Scanning  Auger  Microscope  was  also  used,  which  enabled  us  to 
obtain  both  SEM  and  Auger  electron  spectroscopy  (AES)  data.  This  also  had  an  ion  beam 
attachment,  which  could  mill  a  crater  on  the  samples.  This  enabled  us  to  study  the  near  surface 
layers  of  the  samples  by  both  SEM  and  Auger  spectroscopy.  Photoluminescence  (PL) 
measurements  were  made  with  a  He-Cd  laser  to  observe  the  changes  in  luminescence  due  to 
laser  annealing  .  For  this,  the  annealed  samples  were  lightly  etched  with  a  Br-methanol  solution 
to  obtain  lumine.scence  data  from  the  sub-surface  regions  in  the  annealed  region.  The  etch  time 
was  adjusted  to  remove  about  O.lpm.  An  Alpha-step  profilometer,  with  a  depth  sensitivity  of  a 
few  nanometers, was  used  to  measure  the  surface  profile. 


3.  RESULTS 

An  important  aim  of  the  present  work  was  to  investigate  the  questions  of  melting, 
decomposition  and  evaporation  of  the  samples.  There  were  several  reasons  for  this,  given  the 
fact  that  we  had  already  investigated  this  for  bulk  samples.  One  was.  as  we  mentioned  above, 
that  we  desired  additional  corroborative  evidence.  In  addition,  the  smoother  surface  of  the 
present  .samples  enabled  us  to  obtain  more  reliable  results,  particularly  as  regards  evaporation 
and  melting.  These  a.spects  were  inve.stigatcd  by  the  profilometer.  SEM  and  Auger  .scans. 

The  laser  annealing  was  carried  out  at  three  power  levels  viz.,  10,  20  and  35  MW/cm-.  The 
10  MW/cm^  .sample  showed  no  evidence  of  melting.  The  profilometer  scan  was  very  smooth  and 
showed  no  detectable  change  in  the  profile.  Similarly,  no  change  in  the  surface  morphology  was 
seen  in  the  SEM.  ALso,  a  crater  dug  into  the  .surface  showed  no  evidence  of  melting  (see  results 
for  20  MW/cm^  for  compari.son).  In  the  case  of  the  .sample  annealed  at  20  MW/cmL  the 
profilometer  scan  (Fig.  1 )  .shows  a  spike  at  the  annealed  -  unannealed  boundary  and  then  the 
surface  is  wavy  in  the  annealed  zone.  The  annealed  area  appears  visually  dark  with  a  clear 
boundary  between  annealed  and  unannealed  regions.  Fig.  2  shows  an  SEM  picture  of  a  crater 
milled  at  the  annealed-  nonannealed  boundary.  The  dark  ellip.se  on  the  left  is  the  cxpo.sed  GaAs 
substrate  at  the  bottom  of  the  crater.  Three  layers  can  be  distinguished  in  the  annealed  ZnSe:  the 
bottom  layer  of  undisturbed  Zn.Se,  a  .second  grey  layer  and  a  top  dark  layer.  The  top  dark  layer 
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FIG.  1.  Prolilomeier  scan  i>l  a  sample  annealed  at  20 
MW/em-.  The  region  to  the  left  of  the  spike  is  unannealed 
and  to  its  right  is  annealed. 


was  found  to  contain  carbon,  which  could  have  come  on  to  the  surface  from  the  graphite  sample 
holder  used  during  our  annealing  experiments  and  then  diffused  into  the  ZnSe  during  laser 
anneal.  This  layer  is  about  0.1  pm  thick.  The  composition  of  the  second  grey  layer  was  analyzed 
by  AES  but  no  impurity  could  be  detected  at  a  concentration  within  the  sensitivity  of  the  AES. 
The  thickness  of  this  layer  is  about  0.5  pm.  This  layered  structure  was  not  present  in  the 
unannealed  region  of  the  sample.  In  addition.  Auger  surface  scans  were  taken  on  the  annealed 
and  unannealed  regions  of  the  sample.  The  relative  intensities  of  the  Zn  and  Se  peaks  remained 
the  same  before  and  after  the  laser  annealing.  The  sample  annealed  at  35  MW/cm^  showed 
evidence  of  evaporation  in  the  profilomcter  .scans.  The  surface  was  visibly  degraded  with 

unanncaled  «-/»  annealed 


FIG.  2.  A  lOOOX  magnification  SEM  picture  of  a  .sample  annealed 
at  20  MW/cm^,  This  .shows  a  crater  at  the  unannealed-annealed 
boundary.  The  layered  .structure  (sec  text  for  details)  is  visible  in 
the  annealed  region  while  it  is  ab.sent  in  the  unanncaled  region. 
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extensive  surface  ripples  and  other  features.  So,  no  further  work  was  done  at  and  beyond  this 
power  level.  It  is  al.so  worth  noting  that  the  first  sample,  which  was  annealed  at  20  MW/cm^ 
without  cleaning,  showed  some  regions  having  a  parallel  line  structure,  where  such  lines  give  a 
strong  indication  of  twinning  (Some  particles,  presumably  dust,  were  observed  on  this  sample 
under  the  SEM;  the  twinning  on  this  sample  could  have  resulted  from  stresses  caused  by  the 
interaction  of  these  dust  particles  with  the  laser  radiation). 

Photoluminescence  measurements  were  taken  in  the  annealed  region  before  etching,  and  in 
the  unannealed  regions  before  and  after  etching  the  sample  to  a  depth  of  ~  0.1pm  (this  should 
remove  the  top  dark  layer  contaminated  with  carbon  and  expose  the  underlying  grey  layer).  The 
PL  spectra  of  the  unannealed  sample  shows  strong  bound  exciton  lines  (Fig.3).  The  PL  intensity 
decreased  drastically  in  the  annealed  region,  so  much  so  that  we  could  not  see  any  exciton 
luminescence.  But  after  etching,  the  annealed  region  regained  a  part  of  its  exciton  luminescence 
(Fig.4).  We  also  see  an  additional  peak  at  -2.3eV  (indicated  by  the  arrow  in  Fig.4). 


FIG.  3.  PL  spectrum  of  an  as-grown  MBE-ZnSe  .sample  at  9  "K  showing  strong  exciton 
lumine.scence. 


FIG.  4.  PL  .spectrum  of  the  annealed  region  of  a  sample  annealed  at  20  MW/cm^  after  a 
Br-meihanol  etch  to  a  depth  of  D.l  pm.  Note  the  new  peak  at  -2.3cV  (shown  by  the 
arrow).  Al.so,  note  that  the  PL  intcn.sity  was  appreciably  lower  than  prior  to  annealing: 
the  indicated  intensity  is  higher  becau.se  a  wider  slit  was  u.scd. 
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4.  DISCUSSION 

The  spike  at  ihe  boundary  of  the  annealed  region  and  the  wavy  nature  of  the  surface  profile 
(Fig.l)  in  the  annealed  region  show  that  the  material  has  melted  and  flowed.  This  has  also  been 
observed  in  the  laser  melting  of  silicon  I8|.  The  occurrence  of  the  layered  structure  only  in  the 
annealed  region  (Fig,2)  proves  that  the  layers  were  formed  by  the  laser  annealing.  Based  on  the 
above  profilometer  and  SEM  results  (Figs.  1&  2),  there  can  be  no  doubt  that  there  was  melting  of 
the  20  MW/cm^  sample.  Moreover,  based  on  the  profilometer  data  (Fig.  1 )  it  is  also  apparent  that 
this  sample  .showed  either  no  evaporation  or,  at  most,  very  minimal  evapttraiion.  Regarding 
decomposition,  the  fact  that  the  Auger  scans  showed  comparable  Zn  and  Se  intensities  before 
and  after  annealing  gives  a  strong  indication  of  minimal  decomposition.  It  is  more  difficult  to 
conclude  that  there  is  no  decomposition,  since  it  some  Se  (or  Zn)  were  to  evaporate.  leaving 
.some  clumps  or  balls  of  Zn  (or  Se)  on  the  .surface,  these  may  not  give  a  strong  enough  Auger 
signal  to  significantly  affect  the  Zn  (or  Se)  peak;  however,  major  decomposition  seems  unlikely. 
Moreover,  if  Zn  vacancies  were  formed,  they  would  be  expected  to  form  the  well  known  A 
center  I*)],  a  complex  with  donors,  showing  a  PL  peak  at  about  2.()eV.  This  peak  was  not  found 
in  the  PL  spectra.  Even  the  peak  at  2.783eV,  which  some  authors  1 10. 1 1]  have  claimed  to  be 
formed  by  Zn  vacancies,  was  not  observed  in  the  PL  .spectra. 

In  addition  to  the  question  of  melting,  it  is  also  important  to  determine  the  depth  of  the 
melted  layer;  it  is  for  instance  of  intere.si  to  .see  whether  the  melt  depth  is  adequate  to  obtain 
devices  such  as  diode  la.sers  or  LEDs.  From  our  cratering  work,  we  have  concluded  that  there  is 
a  top  layer,  with  appreciable  carbon,  of  about  0.1  pm  and  a  layer,  showing  .SEM  contra.st,  of 
about  0.5pm,  below  that.  Since  we  did  not  .see  much  carbon  on  the  surface  of  the  as-grown 
.samples,  we  assume  that  the  top  layer  resulted  from  carbon  contamination  due  to  some  of  the 
la.ser  beam  hitting  the  graphite  holder  (we  are  now  modifying  this  part  of  our  set-up).  At  this 
time  we  do  not  know  the  cause  of  the  contrast  of  the  lower  grey  layer,  since  Auger  spectroscopy 
did  not  pick  up  any  impurities  within  its  sen.sitivity  range.  However  it  is  known  that  relatively 
small  changes  in  impurity  concentrations  can  change  the  contrast  in  semiconductors  (121.  That 
there  is  such  a  change  is  corroborated  by  the  PL  data,  which  shows  a  new  peak  at  -  2.3  eV,  in 
the  annealed  region,  after  etching  (it  is  known  that  Cu  introduces  a  peak  in  this  range  I*))).  We 
therefore  feel  that  we  have  good  indication  of  a  melted  layer  of  '0.5  pm.  thickne.ss.  We  are 
conducting  further  experiments  to  determine  whether  the  grey  layer  boundary  of  Fig.  2.  is  indeed 
the  melt  boundary. 

A  further  important  aim  of  the  prc.seni  work  was  to  investigate  the  occurrence  of  twinning 
after  annealing.  Ba.sed  on  our  SEM  and  optical  micro.scopy  examinations,  we  saw  no  evidence  of 
twinning  on  the  cleaned  samples.  The  fad  that  we  did  obtain  a  strong  indication  of  twinning  on 
one  sample  which  was  not  cleaned,  gives  us  confidence  that  we  would  have  seen  it  on  the 
cleaned  material  if  it  were  there. 


5.  CONCLUSIONS 

In  conclu.sion,  we  have  .shown  that  we  can  obtain  melting,  with  an  adequate  layer  depth,  without 
capping,  with  minimal  (if  any)  evaporation  and  decomposition,  of  MBE-  ZnSe.  Moreover,  we 
have  al.so  demon.strated  laser  melting  without  twinning,  on  originally  untwinned  material.  The 
next  .step  will  be  to  attempt  improved  doping  by  such  la.ser  proces.sing. 
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ABSTRACT 

Organometallic  vapor  phase  epitaxial  (OMVPE)  growth  of  ZnSe  on  GaAs  was  carried  out 
using  diniethylzinc  (DMZn)  and  dimethylselenium  (DMSe)  as  source  precursors.  The  growth 
of  ZnSe  can  be  initiated  either  by  introducing  DMZn  first  (Zn  stabilized)  or  DMSe  first  (Se 
stabilized). 

A  systematic  study  of  this  growth  initiation  step  on  the  properties  of  ZnSe  epilayers  was 
carried  out  using  Photolumine.scence  (PL)  and  Double  Crystal  X-Ray  Diffraction  (DCD)  in 
order  to  optimize  the  ZnSe-GaAs  interface.  PL  and  DCD  data  show  a  considerable  difference  in 
lattice  relaxation  mechanism  between  Zn  and  Se  stabilized  layers.  Se  stabilized  layers  are  also 
seen  to  be  considerably  tilted  with  respect  to  the  substrate.  PL  properties  of  Se  stabilized  layers 
exhibit  strong  near  band  edge  emission  (NBE)  and  weak  deep  level  emission  such  as  Y(,, 
compared  to  layers  grown  by  Zn  stabilization. 

INTRODUCTION 

ZnSe  is  a  promising  material  for  blue  light  emitting  diodes,  lasers  and  for  other 
optoelectronic  applications.  Growth  of  ZnSe  on  GaAs  by  MBE  1 1 1,  OMVPE  12),  and  ALE  1,^1. 
has  attracted  the  most  attention  because  of  the  close  lattice  match  between  the  two  materials. 
Unlike  111-V  systems  where  growth  is  always  started  by  first  introducing  column  V 
precursors  and  then  column  III  precursors,  the  growth  of  ZnSe  can  be  initiated  by  introduction 
of  either  the  column  II  or  column  VI  precursor.  These  two  growth  initiation  steps  are  expected 
to  result  in  different  layer  properties,  as  seen  in  other  II-VI  systems  |41.  In  this  work,  a 
systematic  study  of  such  initial  stabilization  of  the  GaAs  substrate  on  the  ZnSe  layer  propenies 
was  c.arTied  out. 

EXPERIMENTAL 

The  growth  of  ZnSe  was  carried  out  in  a  low  pressure  horizontal  OMVPE  reactor  with  rf 
heating.  Growth  temperatures  were  in  the  range  4.S()oC  to  525'’C  and  the  reactor  pressure  was 
-^(X)  torr.  The  layers  were  grown  on  (100)  GaAs  substrates  misoriented  2”  towards  1 1  lO], 
DMZn  and  DMSe  were  used  as  the  source  material.  These  substrates  were  degreased  using 
standard  solvents  and  etched  in  a  solution  of  IhOilIiOytiUSOa  ( 1  ;1  ;.S)  by  volume  and  dipped 
in  NH4OH  to  remove  any  oxide  just  K’forc  loading  into  the  reactor.  Typical  partial  pressure  of 
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DMZn  was  2.0  xlO  "^  atm,  while  that  of  DMSe  was  3.0  xlO  '*  atm.  The  total  gas  flow  through 
the  reactor  was  maintained  at  2000  seem. 

Growth  was  initiated  by  first  introducing  DMZn  (Zn  stabilized)  or  DMSe  (Se  stabilized)  for 
120  seconds,  immediately  after  which  the  second  precursor  was  introduced  to  start  the  growth. 
The  partial  pressures  used  in  the  growth  of  ZnSe  were  the  same  for  stabilization  effects.  Initial 
stabilization  was  carried  out  for  120  seconds  rather  than  a  few  seconds  generally  encountered 
in  a  typical  reactor  in  order  obtain  consistent  results. 

The  PL  system  consisted  of  300mW  Argon  laser,  3/4m  grating  spectrometer  and  a 
photomultiplier  tube  with  a  ihemroelectric  cooled  GaAs  photocathode.  PL  spectra  was  recorded 
at  9°K  excited  by  lOmW  laser  intensity.  The  X-Ray  measurements  were  made  as  described  in 
151. 

RESULTS  AND  DISCUSSION 

The  lattice  mismatch  between  ZnSe  and  GaAs  is  about  0.3%  and  this  lattice  mismatch  is 
accommodated  by  a  compressive  strain  in  the  epilayer  for  thicknesses  less  than  the  critical 
thickness  hj  (-L500  AO)  f61.  As  the  thickness  of  the  epilayer  starts  to  exceed  the  critical 
thickness  |7|,  misfit  dislocations  are  rapidly  generated  reducing  the  compressive  strain  in  the 
ZnSe  epilayer.  Beyond  the  critical  thickness,  the  epilayer  relaxes  and  the  compressive  strain 
due  to  lattice  mismatch  decreases,  eventually  becoming  negligible  and  llic  dv-tiiinant  residual 
strain  in  the  ZnSe  epilayer,  when  cooled  to  room  temperature,  is  tensile  due  to  the  differences 
in  the  thermal  expansion  coefficient  for  ZnSe  and  GaAs. 

DCD  and  PL  were  used  to  determine  the  strain  and  out  of  plane  lattice  constant  aiof  the 
epilayers  as  a  function  of  thickness.  X-Ray  diffraction  is  a  well  established  technique  to 
measure  ai  in  ZnSe  18 1.  Similarly  PL  measurements  have  been  studied  in  many  hetroepitaxial 
systems  including  ZnSe  -  GaAs  |9i.  The  free  and  bound  exciton  peak  position  is  a  function  of 
strain  in  the  layer. We  have  used  the  .shift  in  energy  for  the  heavy  hole  (Ex'-)  as  this  is  stronger 
and  clearly  identifiable  to  measure  strain  in  the  layers.  From  this  shift,  the  in  plane  strain  (en) 
was  measured  by  using  the  following  equation  |9,1()|: 

AEx'-=  [  2a  (  Cn  -  Ci2  )/Cii  +  b(  Cii  +  2Ci:  )/Cn  I  eii 

The  values  used  for  hydrostatic  defomiation  potential  (a)  and  shear  deformation  potential  (b) 
are  :  -a=5.4eV.  -b=l .2eV  [111  respectively  while  values  used  for  the  elastic  stiffness  constants 
were  Cii=  8.1  x  10"  dyn/cm^and  C|2=  4.88  x  10"  dyn/cm".  Figure  1  shows  the  change  in 
EjL  position  for  ZnSe  grown  on  Zn-stabilized  and  Se  .stabilized  GaAs  substrates.  Also  show  n 
in  the  figure  is  the  in  plane  lattice  strain  in  the  layer,  calculated  using  the  above  foniiula.  As  can 
be  seen,  the  residual  strain  in  the  two  types  of  layers  is  found  to  be  different,  even  though  for 
layers  of  thickness  greater  than  he,  both  types  of  layers  are  expected  to  be  relaxed  at  the  growth 
temperature  and  the  only  strain  observed  should  lie  due  to  difference  in  thermal  expansion 
coefficients. 
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To  confinn  the  above  observation,  we  have  measured  the  perpendicular  lattice  constant  aj^ 
of  the  layers  using  DCD,  and  these  ( along  with  the  PL )  results  ate  plotted  in  figure  2.  Here,  it 
is  seen,  that  for  layers  grown  under  Zn  stabilized  conditions,  ZnSe  is  completely  relaxed  at  the 
growth  temperature  beyond  0.5pm.  For  the  Se-stabilized  case,  the  layers  are  still  under 
compression  at  growth  temperature.  Clearly,  the  lattice  relaxation  mechanism  of  layers  grown 
on  Zn-stabilized  substrates  is  different  from  those  grown  on  Se-stabilized  substrates. 

The  full  width  half  maximum  (FWHM)  value  of  the  x-ray  diffraction  peak  is  shown  in 
figure  3  as  a  function  of  layer  thickness.  For  layers  <1.2pm  the  FWHM  for  both  Zn  and  Se 
stabilized  layers  are  similar.  For  layers  >  1.2pm,  Zn  stabilized  layers  are  seen  to  have  a  lower 
FWHM.  ZnSe  layers  grown  with  Se  stabilization  were  seen  to  be  lilted  with  respect  to  the 
substrate  (figure  4  )  with  a  tilt  of  440  arc-sec  (0.12°)  in  the  <1 10>  direction  for  a  3.5pm  thick 
layer.  The  tilt  observed  on  Zn-stabilized  layers  is  within  the  experimental  accuracy  of 
measurement  and  for  all  practical  purposes  these  layers  are  not  tilted  with  respect  to  the 
substrate.  Earlier  reports  of  ZnSe  on  GaAs  indicated  no  tilt  of  the  epilayer  (12).  Moreover,  the 
lilt  of  the  layer  is  a  function  of  the  layer  thickness  and  hence  this  is  reflected  in  a  higher  FWH.M 
for  layers  grown  on  Se  stabilized  surface. 

As  seen  from  figure  2,  Zn  and  Se  stabilized  layers  relax  differently.  Se-stabilized  layers  are 
seen  to  relax  much  slower.  This  difference  in  relaxation  rates  of  Zn  and  Se  stabilized  layers  is 
further  supponed  by  the  difference  in  tilting  of  the  epilayers  for  the  two  cases. 

PL  from  Zn  and  Se  stabilized  layers  is  also  considerably  different  as  shown  in  figure  5. 
Similar  PL  was  obtained  for  sample  thickness  from  0.5  to  3.2pin.  Se  stabilized  layers  exhibit 
strong  near  band  edge  (NBE)  emission,  very  weak  Yq  emission,  and  no  Iq''  emission.  The  Yq 
peak  was  attributed  to  dislocations  and  a  strong  Yq  emission  reflects  a  higher  optically  active 
dislocation  density  (13).  The  Iq''  peak  has  also  been  found  to  exist  in  layers  with  high 
dislocation  densities  (14),  These  results  are  consistent  with  an  earlier  report  of  improved  PL 
from  tilted  ZnSe  layers  (15).  Differences  in  growth  rates  were  also  observed  for  Zn  and  Se 
stabilized  cases,  and  Se  stabilized  surfaces  exhibited  superior  morphology.  From  the  above 
results,  it  is  clear  that  Zn  stabilized  layers  have  a  higher  dislocation  density  which  shows  up  as 
an  intense  Yq  peak. 

When  DMZn  is  passed  over  GaAs  at  525°C,  a  surface  reaction  lakes  place,  probably 
forming  Zn3As2  which  is  volatile  leaving  atomic  gallium  on  the  surface.  This  may  be  the 
source  of  dislocations  on  Zn-stabilized  layers  and  the  layer  relaxes  rapidly  by  forming  a  high 
density  of  dislocations.  When  DMSe  is  passed  over  GaAs,  no  surface  reaction  may  take  place 
because  DMSe  is  very  stable.  However,  we  cannot  rule  out  the  possibility  of  Ga^Set 
formation.  In  fact  this  interfacial  layer  is  found  to  be  important  in  obtaining  high  quality  ZnSe 
layers  (16),  with  good  interfacial  properties.  We  believe  growth  with  Se-stabilization  results  in 
defect  free  interface  for  thin  layers  and  lattice  relaxation  takes  place  by  glide  of  60o  dislocations 
from  the  surface.  This  mechanism  generally  results  in  tilt  of  the  layer  with  respect  to  the 
substrate. 
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Figure  1.  Free  Excirion  (Ex*-)  emission  and  in  plane 
tensile  strain  (ej  j)  versus  layer  thickness. 

(  o  Zn  Stabilized  ♦  Se  Stabilized) 
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Figure  2.  Normal  Lattice  Constant  ai(Angstroms)  versus  Thickness  (microns). 
DCD  (  •  Se.  o  Zn).  and  PL  (  ■  Se.  ♦  Zn). 
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Figure  3.  X-ray  Diffraction  Full  Width  Half  maximum  versus 
Layer  Thickness  (microns).  (  o  Se  Stabilized,  •  Zn  Stabilized). 


Figure  4.  Epilayer  Tilt  (sec)  versus  Layer  Thickness  (microns). 
(  o  Se  Stabilized.  •  Zn  Stabilized). 


Wavelength  (  Angstroms) 

Figure  5.  Photoluminescence  from  Zn  and  Se  stabilized  layers. 
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CONCLLSrON 

The  effect  of  initial  grow/th  stabilization  on  the  ZnSe  layer  properties  is  studied  It  uas 
found  that  layers  grown  on  3e  stabilized  surfaces  relax  much  slower  compared  to  those  grown 
on  Zn-stabilized  surface.  For  thickness  >  0.5pm,  the  Zn-stabilized  layers  are  completely 
relaxed  at  the  growth  temperature  whereas  this  is  not  the  case  for  even  3pm  thick  Se-stahilized 
layers.  A  large  network  of  dislocations  generated  from  the  interface  could  be  responsible  for 
this  relaxation  in  Zn-stabilized  case.  The  optical  properties  of  the  layers  grown  by  Se- 
stabilization  is  superior  to  the  Zn-Stabilized  case. 
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OPTICAL  TRANSITIONS  ON  C<IS/C<lTe  CVD  HETEROSTRUCTl'RES 
Claude  Do('iuare  ainl  M  H  Nazaio 

Departfiiiierito  <le  Fisi<a.  Univei>:i<lade  fie  Aveiro.  3800  Avf'iro.  PORTUGAL. 

ABSTRACT 

Wide-hand  gap  H-Xd  semieoiidiieUjrs  havedireet  l)aiidga|>s  wliicli  cover  flu'  energy 
range  from  the  red  to  the  u-v.  Tins  makes  such  compounds  ideal  for  optoeUrt roiiic 
a])j)h(‘ati(jns.  CdS  has  a  haiul  gap  of  2.42eV  and  heroines  potentially  useful  for  the 
green  region  of  the  sj>ectruin.  Ho\v(‘v«‘r.  lavause  CdS  lias  a  prehuoiice  to  a(Io{)f  the 
hexagonal  wurtzite  structure,  ejutaxial  growth  of  fltis  seiuicouducfor  is  coinjilicated. 
Nevertheless  succt'stul  growth  oi  CdS  lay<-rs  onto  CdT*  is  possible.  We  report  a  detailed 
pliofoluminesceure  stmly  of  CdS/CdTe  heterostructures  grown  l)y  C\'D.  Tin-  CdS 
layers  hav<'  high  quality  hexagonal  structure.  Luinine.sreinv  lines  are  narrow  «-iH)Ugli 
and  we  <”ould  detect  a  splitting  ocurring  on  the  I'xeitrd  siati'  of  a  neutral  jicceptiu 
hound  exciton.  at  2.54C2eV. 

INTRODUCTION 

The  fact  that  wid<‘-!)and  gai>  ILVl  semicoinluctors  have  direct  hMidgap>  which 
cover  the  visible  range  makes  sueli  eompoumls  potentially  suitable  for  o{,)tiH  lect loni'' 
applications  like  liglit  funittiiig  devices  operating  in  tlu-  Idue  green  iegi\>n  of  the 
spectrum.  The  Ix-st  i>xampl<-  is  ZnS<‘  whi<-h  luminesces  ver>  ediciently  in  the  blue 
This  matftrial  also  has  an  almost  perfect  lattice  match  to  GaAs  and  high  ipiality 
strained  Iay<Ts  couhl  be  grown  by  ditl'ereiif  in<’fh<Mls.  riaTefore.  r)a'  ojuieal  propt'rtiev 
of  heterostructur<*s  aiul  of  superlattic<-s  base<l  on  ZnSe  have  been  intensively  studied 
icjf  the  last  G-7  yeais.  As  a  n*sult  a  bhn*  las4“i  l»ased  on  ZnSe  has  reerntly  be('n  reijorteil. 

CVIS  has  a  band  gaj>  2.42<*\  and  becona's  p(tf<‘ntially  n.s<>tu]  toi  th<‘  gi<“en  legjon 
t)f  the  spectrum.  Hfnvever,  because  CdS  lias  a  pr<*ference  lt>  ad«‘pi  the  hexagonal 
wiirt/ife  structun*.  ejjitaxial  growtlj  of  this  s«*iniconduct(tr  is  comj>licatt'd  Nt'vei  t  la  les" 
succesful  growth  of  CMS  layers  onto  till  )A  CiaAs  by  M( )C’\  D  i  1  >  and  onii)  CM Te  by 
C\  1)  have  been  reporPal  [2].  R»*cenllv  (M.S  h«*terostiuctures  luue  rcicived  reia  ued 
atlejitjoij  because  jjf  the  novel  featut'i's  present<'d  by  intrinsic  Staik  sujxrlattice'.  of 
which  (.MS/(MS<-  tyj)e  II  sui>ei}attn-es  are  striking  examples  ;3_ 

Growth  on  to  Mill  (Mb*  siil»stials  yields  h<*xagonal  CdS  ot  higli  quality  In 
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Figure  1:  FL  spectra  of  C<iS  epiiayers  of  sarious  (hicii7«'.*Kes  grown  on  i  VJ7‘o  sub*tra<T>,  /w oideci 
at  1K  Vertical  litH’s  Hulicale.  from  left  to  right. the  |x>sitions  of  A .  /]/<-  fj.  Iin  /j .  /i  and  /; 

EXPERIMENTAL  DETAILS 

Singlr-rrystailiiK*  CMS  t*|>ilay<T.s  wm*  ^nnvi)  on  an  (!]]  )  oiirntt'tl  CdTr 
by  C’VD  ( Ciifinical  Vaj)utir  Deposition).  The  ej>ilay<T.s  flhcknt'ss  raiig('(l  from  1  //m  u]> 
to  48/tni.  The  growth  rate  wa.s  2.2//h  '*  at  a  substrate  tt'iupt'rattire  of  475C’  aiul  a 
soiirre  temperature  of  800C’.  The  layers  wen*  grown  on  a  CM  fata*  uikut  an  hydrogt'u 
flux  of  18 1  h“  *  in  a  (juartz  n*aett)r.  The  eoinposition  of  tlie  s\i])stratt'  fart*,  i.e  Te  t>i  CM. 
was  (ietemiinetl  by  cheiniral  attack  using  a  solution  1:1:1  of  hytlrofluoric  acid.  lutrii 
arid  and  methanol.  Prior  to  growth  the  substrate  fact*  was  polisht'd  m*‘fhtuiifaly  until 
it  was  a  inirror-lik<*  amt  eheiniealy  etelu'd  tising  a  hromethanol  sobition.  Tin*  s\irfa»  <' 
of  the  grown  CdS  epilayer  was  also  minor-like,  ami  g(K)d  c-rystal  (piality  was  iM^ntirmed 
by  X-ray  mesureinents. 

Luiiiineseenre  wjis  <*xrited  isiiig  tlie  457  um  line  fifun  an  Ar  ion  las<'r.  and  wa> 
eollerted  at  right  angles  to  the  axis  of  excitation.  \h*asurements  wen*  iiwult*  ustm; 
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SPEX  1701  (iispersivr  inonochroiaator.  fitted  with  a  photomultiplier  tube.  In  all 
case^  the  sample  was  m(>unte<l  witli  the  growth  axis  parallel  to  the  <‘xeitatir)ii  axis. 


RESULTS  and  DISCUSSION 

The  valence  and  conduction  baiuls  for  wurtzite  .seiuiconductors  have  Loth  maxima 
and  miniina  at  th«‘  center  of  the  Brillonin  zone,  and  the  associatt*d  Bloch  functions 
have  j)-hke  and  s-like  orbital  character,  respectively.  The  top  three  valence  bands  are 
split,  by  the  combined  effect  of  l>oth  spin-orbit  intiTaction  and  tin*  ai'tion  of  a  noncubic 
iTvstal  field  peiturl>atioii,iut<»  a  Fy  and  two  Ft  states.  The  st*i)aiatic>ris  Ix'tween  the 
tt)})  state,  r.j.  and  the  two  F7  states,  c-an  lx*  fouml  from  the  Hamiltonian  matrix.  Thi.= 
matrix  can  be  set  up  using  the  p-fnnetions  to  repres<‘ut  tlu'  valence  band  states.  an<l 
has  the  same  form  as  theeitergy  matrix  for  the  zinebjend  valeiK'e  band  statt's  under  a 
(111)  uniaxial  strain  [4.5].  Tli<‘  en<‘vgies  of  th<‘  two  low  lying  Ft  states  are.  lelatively 
to  the  F-i  state,  given  by: 

E  =  l/2(  A,.,  I-  A.  A  ±  [l/4{  A..,  +  A;,.  -  2/:3A,.,A,.,!'''  1 1  i 

In  conjunction  with  tin*  condticiion  band  each  valenc<’  ban<l  gives  rise  To  a  series 
of  exciton  states,  labeled  .A,  B.  C  by  increasing  or<l<T  of  eia'rgy.  .A.  B  and  C  exciton> 
are  all  seen  polariz«’d  with  the  el(‘ctri<*  v<*ct<)i‘  of  tlx'  light  p<‘rpt'ndi<‘ular  to  the  axis  of 
growth,  (c  axis)  l)Ut  only  B  ami  C  ex<'it()ns  are  s(‘<'n  for  parallel  polari/ari«>n  [7', 

Pliotoluimiie>c<*uee  spectra  from  CdS  lay<*rs  with  a  tliickia'ss  of  2  //  (sample  C’2.V  l. 
4//  (samj)le  C4X)  ami  4S//  (sample  C4-$N)  are  shown  in  tigur<‘  1.  In  figure  2  the 
temperature  d<‘peudeiice  of  the  huiiinesccnc<‘  is  depicted. 

lu  all  sp{*ctra  W(‘  can  identify  the  recombination  of  fr<‘e  «‘xcitons  A.  as  wi'll  as 
excitons  Ijound  to  nentral  acceptjus.  l\  and  1:^  at  2.5350<A  ami  2.5l50r\'  n'spectivi>ly. 
to  iH’ut ral  donors.  Iz^  at  2.5470 < A  ami  to  an  ioni/ed  <ionor.  .  at  2.5409 ( ligurc^  1 
and  2)  [G.7j.  Tiiis  i<lentifi<’ation  is  ••oiifirine<l  by  the  t<'mp<Tatin<’ <l<'pen<}eii(  e  of  all  the 
featui<'s.  Raising  flu*  trmp«*raturc  strongly  allect^  tlic  int«‘nsity  of  tlir  bound  rx<  i?on 
lilies,  /j  to  relatively  to  the  intensity  of  tin*  free  exciton,  .A  hue.  At  IK  bourn! 
exciton  lines  dominate*  the  .■spectrum  wliile  at  20  K  tin*  situation  is  reveist'd.  I  hi' 
temperature  dep<*ml«'uce  retiects  the  difer<*uce  in  binding  energy  betWi'cn  tlie  exciton 
to  the  iiupuiify  ami  tin*  exciton  its<4f. 

The  energies  we  measure  at  4K  for  all  the  ('ompomuits  of  the  edge  recoinbiuat ioi. 
as  ••xpe<  ferl.  witli  the  coiresjMUideiit  value  !iieasun‘d  foi  Imlk  UdS.  imlicating 
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Figure  2:  i’ho(ohitiuiM's<  **ii<  «•  ra  from  >ainj)l«  >'  (a )  (  "iN  and  d»  j  t  ‘ }  N  at  tt.  iiipcral  iir*  > 

fhat  rlu'  thirkiK'ss  of  our  sainplrs  is  wrll  al>ov<*  tli<‘  niriral  t hickiu'ss. 

Wo  could  also  o})S(‘rv<’  (fii^uro  3)  tlir  status  1^  aiul  /j  /p  arisiiuj,  from  tIu-  uuutral 
accu})for  state*  aii<l  an  <'x<*iton  formuel  from  a  hole*  in  the*  se*rond  vale*u<‘<'  baud.  Thu 
splittinj*;  of  1.5  me‘V  arisinj^  from  thu  exchange*  int<*ractiou  uu  dir  :v.n  \uiiik»* 

hole's  (8J. 

The*  A  uxe'iton  is  split  by  ;/  cmipliug  into  ami  F.j  state's.  Alton, lih  tiau.sitious 
frenn  the*  r»i  statu  into  the*  fundam<*ntal  state*  are*  forbielelun  the'v  have-  be'cii  le  portud  to 
oce-ui  (the*  ATG  iim*  in  it*f<*re‘n<*e'  (7)).  The*  transition  is  jie'iiiaps  made*  allowed  rrouiih 
mixturu  with  thu  uxciion  state*  euiginate'd  from  the*  valuiicu  baml.  This  traiisitii.m 
coulel  bu  dutucte'd  in  seam*  e)f  eair  sample's  (figure*  3). 

A  furtheT  splitting  was  also  <Ie*tuct<*el  for  the*  /%  line*  jGj  ide'iitifie’el  as  an  e'.xa  irofi 
rucomVuiiatiou  at  a  ii<*titral  ar<-<‘ptor  Itigure*  4).  The*  two  line's  /r,  and  /I .  at  2.54l)4e'\’ 
ami  at  2.54GSe’\  are*  se'paratuel  by  an  e*nrrgy  e»f  .4me'\'  and  tla'iinali/u  iHguie-  4  ) 
according  to  a  Boltzinanj)  distribnfiem  law. 

l-./Ir,  —  (w.r/i(  SE/I\T) 


WV  sugge’st  fhat  the*  splitting  may  be-  due*  te>  h<>l<'-he)le’  uituract iou,  Howe've’i  im)re’  work 
fK’rds  fej  be*  eleaie*  be'fore*  eliscii.ssijig  this  assiglie*me'jit  in  more'  de'tail. 


Figure  4:  (  a)  I  /',  aii<l  l\  liif  -  n-i  onl«Mj  iti  I’l.  al  «lifr«*rvnt  t  l>)I  ^>^al  il  inn  -  if  t  in- 

iiiNiisily  raMo  <ij'  Iiim*  as  a  fiKirticMi  <»f  UMnjivraUua'  Soiul  inn-  rr]>ri>sniit  >  J  ij  (  J  i 

iisitjn  SK  aini  a  -  I  I'lM-sr  va|iir>.  ar<'  Mu-  Im-sI  lit  valu«"'  iii  a  U  a'-I  '■«i'iarnv 


coxcLrsioxs 


In  this  j)n})or  \vc  have  shown  that  g<M)<l  orystal  quality  CVIS  ran  hr  ^rovvn  onto  Cdlr 
(111)  fare  by  CVD.  The  (lUJility  is  ilrmoustrated  by  thr  photohnuiiu'scriK’r  ohraiiircl 
from  the  samples. 

We  hav(‘  also  (h'ttvted  a  previously  unreportetl  zero  field  splitting  of  a  a‘*<'eptor 
bound  exeiton  fransitioii  ami  asrribed  it  to  jj  coupling.  Further  work  is  under  way  to 
clarify  this  ])oiut. 
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VAPOR-PHASE  GROWTH  OF  EPITAXIAL  AND  BULK  ZnSe 

W.L.  AHLGREN,  S.  SEN,  S.M.  JOHNSON,  W.H.  KONKEL,  J.A.  VIGIL,  AND  R.P.  R(’TH 
Santa  Barbara  Research  Center,  75  Coromar  Drive,  Goleta,  CA  93117 


ABSTRACT 

Epitaxial  and  bulk  ZnSe  of  good  structural  perfection  have  been  grown  by 
vapor-phase  techniques.  Epitaxial  undoped  ZnSe  layers  were  grown  by  rretal- 
organic  chemical  vapor  deposition  (MOCVD)  on  GaAs  1100)  substrates  in  a  hori¬ 
zontal-flow  quartz  reactor  chamber.  Conventional  pyrolytic  growth  at  450  C 
was  used,  with  diethyl  zinc  (DEZn)  and  diethyl  selenium  (DESe)  •-'^actants 
transported  in  hydrogen  carrier  gas. 

Layers  with  smooth  surface  morphology  and  very  good  crystal  structure 
were  obtained,  with  no  evidence  of  gas-phase  pre-reaction.  Sharp  electron 
channeling  patterns  produced  in  the  scanning  electron  microscope  (SEM)  indi¬ 
cated  that  1 100 }-oriented  ZnSe  layers  were  grown  on  1100}  GaAs  surfaces,  ac 
expected.  X-ray  rocking-curve  analysis  with  a  silicon  four-crystal  mcnocnr:.'^- 
ator  gave  full-width  at  half-maximum  (FWHM)  line  widths  of  165  tc  180  arc-sec 
for  layers  2.5  to  3.0  pm  thick,  better  than  values  for  MOCVL-grown  ZnSe/GaA;- 
reported  to  date  in  the  literature  known  to  us.  Cathodolumine.scence  (CL) 
imaging  in  the  SEM  showed  significant  defect  substructure  in  the  layers,  pr.- 
bably  due  to  lattice-misfit  dislocations  in  the  interface  region.  Bright  i:l.;e 
CL  emission  from  the  layers  was  observed  in  the  SEM  at  both  77k  and  room  tem¬ 
perature,  indicating  the  dominance  of  radiative  recombination  in  the  rr.ate::a:. 

Bulk  ZnSe  crystals  were  grown  using  a  physical  vapor  transport  techniqun. 
The  crystals,  a  few  millimeters  on  a  side,  had  fully  developed  crystal  facct.s 
predominantly  { 110  }-oriented.  X-ray  rocking-curve  analysis  gave  EWHM  v:iluos 
of  about  19  arc-sec,  indicating  excellent  structural  perfection. 


INTRODUCTION 

ZnSe  is  a  material  of  interest  for  the  production  o£  blue-em:  1 1  ir.g  lu-u: 
diodes,  provided  p-type  material  of  high  conduct  i  vir.  y  can  be  prepacod.  In 
recent  years,  substantial  progress  has  been  made  toward  r.hi.v  i.na- 

standing  problem.  P-type  doping  has  now  been  achieved  by  MBE,  MCMBE,  in.t 
MOCVD  techniques  (for  MOCVD  see  Yasuda,  Mitsui.shi,  and  Kukimoto  [1]  ani  Knjn 
et  al.  [23).  Low-temperature  epitaxial  growth  (arour»d  350''C)  appear.*?  re 
important.  Low  growth  temperature  should  (1)  mir.imize  point  defect  t'':m;jr  i 
during  growth;  (2)  aid  dopant  incorporation  during  growth;  a.n^.l  (3)  rniriirrh  .*t.' 
formation  of  misfit  dislocations  during  cool-down,  due  to  di  f  te  rotices  i:; 
thermal  expansion  coefficient  between  substrate  and  epitaxial  layer:^.  Fh.  t  . - 
assisted  growth  may  also  be  important  to  achieve  high  doping  levels  I  w 

growth  temperature . 

Choice  of  substrate  for  epitaxy  is  important.  GaAs  is  at.t:a.;!  .  Vt-  .s..-' 
of  its  highly  developed  technology,  ready  ava i labi  1  ity ,  and  l  itr.  i  .*.- 

match  to  Zn.Se.  Nevertheless,  there  are  potential  problems  with  '.LiAs  ,ic  a  ..-..b- 
strate  for  ZnSe  epitaxy:  (1)  Ga  and  As  from  the  sub.sttate  may  dvttun-'  't 
vapor-t  ranspor^  “d  j  o  the  IT-VI  epitaxial  layer,  unfavorably  afdcxMi::.;  '  ■ 
electrical  proper  t  ie.-5  .  {?.)  Exact  1  at  t  ice-match  inq  of  the  II-VI  vn' L  t  a;-:  i  a  . 

layer  to  the  Ga7\5  sub.strate  at  the  growth  temperature,  alrhouvg.h  iCh  i . 
principle  using  ZnSSe  alloy.s,  may  be  difficult  initially,  wh»!ri  ail  y 

composition  and  uniformity  are  not  well  controlled.  Lat  t  ire-mi  crr.at  h  will 
lead  to  the  formation  of  defects  in  the  epita.xial  layers  that  wii:  a.rav  :a':  ly 
affect  the  electrical  properties  and  the  long-term  stability  vd  p:  - 

ciuced  u.sing  the  material.  (3)  The  lattice  parameter  of  the  Il-Vi  1 1  i  i  a  1 
layer  can  h*-  exactly  matched  to  th«Ht  of  GaAs  at  only  one  t  oinpe  i  c  •;  i  •,  bt  -  v.;,?.' 
fd'.e  ’wo  ma  t  r  i  .1 1  s  have  different.  tfierm.al  e.xpansion  coef  f  i  c  i  tM.t  s  .  Ev.:,  ,  ;  * 

layer  is  perfc'Ctly  matche-1  to  the  sufist  rate  at  the  qi''wt,h  t  r.pe- 1  ,i  mi  ; .  ‘ ,  .  ct  ;  . 

deff.'Ct:?  may  b<?  gera-r  .ated  in  the  l.iy»-t  wfu?n  it  is  (.ro-deci  to  :  •  -  r;  t  •  :  c  , 

Mat.  Ros.  Soc.  Symp.  Proc.  Vol  242.  1992  Materials  Research  Society 


274 


Because  of  these  problems,  it  is  desirable  to  also  have  available  high-quality 
ZnSe  substrates  as  an  alternative  to  GaAs. 

Tn  this  paper  we  report  initial  experiments  in  the  growth  of  both  epitax¬ 
ial  and  bulk  EnSe  by  vapor  phase  techniques.  The  objectiv'e  of  this  prelimi¬ 
nary  work  was  to  establish  a  baseline  for  epitaxial  growth  of  ZnSe  on  GaAs  and 
for  bulk  growth  of  ZnSe. 


EPITAXIAL  GROWTH  OF  ZnSe  ON  GaAs 

ZnSe  epitaxial  layers  of  good  surface  morphology  and  crystal  lattice  per¬ 
fection  were  grown  by  conventional  pyrolytic  MOCVD  on  GaAs  substrates.  The 
growth  conditions  and  characteristics  of  the  epitaxial  layers  are  discussed  in 
this  section.  The  results  provide  a  baseline  upon  which  future  improvements 
will  be  made. 


MOCVD  Growth _CQndit ions 

A  horizontal  quartz  reactor  with  a  tilted  graphite  susceptor  heated  from 
below  by  a  focused  quartz-halogen  lamp  was  used.  The  reactor  configuration  is 
shown  in  Figure  1.  Alkyl  reactants  were  chosen  for  both  the  zinc  and  the 
k  selenium  sources  to  avoid  the  gas  phase  pre-reaction  associated  with  the  use 

of  hydrogen  selenide.  The  reactants  used  were  diethyl  zinc  (DEZn)  an.i  diethyl 
selenium  {DESe) .  This  particular  combination  ot  reactants  has  been  previously 
used  by  Mitsuhashi,  Mitsuishi,  and  Kukimoto  (3)  A  similar  system,  dimethyl 
zinc  (DMZn)  and  DESe,  has  been  used  by  a  number  of  groups,  including 
Mitsuhashi  et  al.[4J  and  Giapis  et  al.  (S]. 

Prior  to  growth,  the  GaAs  UOO}  or  {1001  2*  to  <110)  substrates  were 
etched  in  15:1:1  H2SO4 :  H2O2  :H20  solution  at  20  to  30^0  for  20  seconds,  rinsed 
in  DI  water  and  dried  with  N2/  and  then  baked  in-situ  in  the  reactor,  in 
flowing  hydrogen,  at  600'^C  for  15  minutes.  The  substrate  temperature  during 
growth  was  450*^0.  The  reactor  pressure  was  304  Torr  {0.4  atm)  .  In  the  major¬ 
ity  of  the  experiments,  the  total  gas  flow  was  1.29  x  10~^  mol  min"^  and  the 
reactant  flows  were  1.81  x  10"^  mol  min“^  (DEZn)  and  7.27  x  10~^  mol  min"^. 
Thus,  the  total  reactant  mcl  fraction  was  7  x  10"**,  and  the  VI:  II  reactant 
ratio  was  4. 

Growth  rates  were  typically  about  0.7  pm  (corresponding  to  a  deposi¬ 

tion  efficiency  of  1.6%),  and  growth  runs  were  typically  about  4  hours  in 
duration,  leading  to  layers  about  2.5  to  3.0  pm  thick.  A  to-al  of  eight 
growth  experiments  were  carried  out.  Most  layers  growi.  were  specular,  as 
shown  in  Figure  2.  There  was  no  direct  evidence  of  gas-phase  pre-reaction, 
such  as  powdery  deposits.  The  low  overall  deposition  efficiency,  however, 
could  be  indicative  of  a  competing  reaction;  alternatively,  it  may  sim.ply 
reflect  inefficient  pyrolysis  of  one  of  the  reactants  under  the  deposition 
cond-tions  employed,  which  were  not  optimized. 


Epitaxial  Materials  Characteristics 

The  layers  were  characterized  to  determine  structural  perfection,  im¬ 
purity  content,  and  luminescence  properties, 

Structural  Perfection.  The  layers  had  good  structural  perfection,  as 
indicated  by  their  electron  channeling  patterns  and  by  x-ray  rocking-curve 
analysis.  Very  .sharp  electron  channeling  patterns  were  obtained  in  the  scan¬ 
ning  electron  microscope  (SEM),  showing  that  epitaxial  ZnSe  (100)  was  grown  on 
GaAs  {100}.  X-ray  rocking-curve  analysis  carried  out  with  a  four-crystal  Si 
monochromator  and  Cu  Kfli  radiation  gave  a  FWHM  in  the  range  165  to  180  arc- 
sec,  better  than  available  literature  reports  for  ZnSe  on  GaAs,  but.  still 
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capable  of  improvement.  Typical  results  are  shown  in  Figure  3.  The  je 
tiun  between  the  ZnSe  and  GaAs  (400}  x-ray  reflections  is  somewhat  an  ..'t 
A  separation  in  the  neighborhood  of  300  arc-sec  was  typically  observed, 
whereas  the  theoretical  separation  is  342  arc-sec.  This  may  re  iniiCot 


(a)  (b) 


Figure  3.  Lattice-structural  perfection  of  epitaxial  ZnSe,  2 . fir;  -r 
grown  on  GaAs  (1001  substrate,  (a)  elect  rcn-chanr.e  1  ir.a  pa* 
(b)  X-ray  rocking  curve 


Cathodoluminescence  imaging  in  the  SEM  showed  a  substantial  dete:*. 
structure  in  the  layers,  which  can  tentatively  be  ascribed  to  misfit  ii 
tions.  These  results  are  consistent  with  the  expectation  that  .strut*  :: 
provement  can  be  e.xpected  by  growing  ZnSj.ySey  alloys  latt  i  te-.mj' :h^  :  * 
at  the  growth  temperature,  as  reported  in  the  literature. 

Impurity  Content.  K-  y  to  the  p-type  doping  of  ZnSe  is  rt.e  pr  s.:  ;• 
pure  material,  free  of  residual  n-type  donors,  inre  which  aocopr.  r  .r; 
can  be  introduced  in  a  controlled  manner.  One  cf  the  layers  was  .ii.i.y.* 
first  by  laser-ionirat  ion  mass  spectrometry  (LIM3)  and  ly 

mass  spectrometry  (SIMS).  The  LIMS  analysis  indicated  that  i:.  t  r.-:;  ri.: 
of  the  layer,  the  principal  contaminants  were  Cd  and  Te,  bu'r  that  -.r.  r. : 
the  Ga  and  As  concentrations  were  also  high.  This  sugges'.s  ri.ri*  *:>  . 

and  the  Ga  contamination  may  be  associated  with  Ga  droplet.s  thi*^ 
the  GaAs  substrate  as  discussed  below.  SIMS  analysis  was  i a : : i f  ;  ,*  w 

ooth  O2  and  Cs  primary  beams,  and  confirmed  that  Cd,  Te,  Fa,  s:.  i  i:- 
primary  contaminants .  Significant  levels  of  Cl  were  al.'^o  tcun.i.  .do:, 
levels  of  Cu,  C,  0,  and  S  were  recorded,  but  these  may  b»^  :>:•  • 
background . 

These  result.^  suggest  that  purity  improvement  can  be  ac.h:*  V‘.  i  ty 
several  steps:  (1)  Cd  and  Te  contamination  comes  from  sharod  iino,' 
II-VI  MOeVD  system,  which  is  also  used  to  grow  HqCdTe .  Appa  r  it  a,''  m‘  ::: 
tions  have  been  carried  out  to  minimize  this  problem  in  the  fiituM-.  u 
and  As  contaminat.  ion  m.ay  come  from  the  Ga-rich  surface  -lu*  .la.A."  ^ 

annealed  under  flowing  hydrogen  at  too  high  a  temperature,  rr-.r.. 

droplets  (with  dissolved  As)  to  term  on  the  surface.  These  .:ar.  to 
by  a  lower-temperature,  better-controlled  anneal  ot  the  GdAs  o ..t  :•  t  :  .1  *  »  . 
(3)  Cl  is  a  well-known  contaminant  in  diethyl  zinc,  ari.slnq  f:  r.  r  ho-  Ov 
route  employed.  Zinc  react.ant.s  .synthesized  by  a  Cl-free  pt^.oe:';'  : 

available,  anrJ  can  be  used  in  future  work.  (4)  Further  dove  1  op.T*  t 

tical  techniques,  including  SIMS,  is  needed  to  eliminate  pos:>ir  d.- 
background  effects  and  provide  adequate  quant i t at i on . 


Luminescence  Properties .  Bright  blue  cathodolumir.escence  was  observed  to 
err.anate  from  the  ZnSe  layer  in  the  SEM  at  room  temperature  and  at  77K 
(brighter  at  the  lower  temperature).  Spectral  analysis  of  the  cat  hodoiur  i  r. 
cence  (CL)  was  carried  out  at  the  University  of  California,  Santa  Barbara. 
Photoluminescence  (PL)  spectra  were  also  measured.  The  CL  and  ?L  .spectra, 
shown  in  Figure  A,  agree  well.  Note  that  the  CL  spectrum  was  measured  at 
15K,  whereas  the  PL  spectrum  was  measured  at  1.4K.  The  spectra  show  a  weak 
peak  near  the  band  edge  and  a  strong,  broad,  sub-bandgap  band  that  may  be  d 
to  donor-acceptor  pair  recombination. 

Table  I  is  a  summary  of  the  ZnSe  bandgap  at  the  measurement  ternpercjtur 
from  Gumlich,  Theis,  and  Tschierse  (6],  and  of  the  positions  of  the  observe 
CL  and  PL  near-edge  peaks  (the  position  of  a  similar  peak  ~bser*ved  in  bulk- 
crown  material,  to  be  described  below,  is  als  included).  Fine  structure  i 
the  PL  near-edge  peak,  not  visible  in  Figure  A  but  observe  :  at  higher  resol 
tion,  is  indicated  by  entries  in  the  table.  The  near-edge  peaks  in  the  epi 
taxial  ZnSe  are  believed  to  be  associated  with  free  excitons,  which,  accord 


(a) 


to  the  cited  reference,  have  a  binding  energy  of  about  0.02eV,  consisttrn  w.*:. 
the  observations  summarized  in  Table  I. 

Table  I.  ZnSe  bandgap  and  near-edge  CL  and  PL  dar.-i 


Temper at u re /K 

1  .  4 

15 

ZnSe  bandgap/eV 

2.82  . 

2 ,81 

Epi  ZnSe  near-edge  PL  peaks/eV 

First  principal  peak 

2.790 

i 

Second  principal  peak 

2.793 

' 

High-energy  shoulder 

2.799 

j 

Epi  ZnSe  near-edge  CL  peak/eV 

2.79 

Bulk  ZnSe  near-edge  CL  peaks/eV 

Principal  peak 

2 .  '3: 

High-energy  shoulder 

2.790 

BULK  GROWTH  OF  ZnSe 

ZnSe  crystals  were  grown  by  a  close-spaced  physical  vapor  transp'. 
nique.  Single-crystals  of  small  size  but  excellent  structural  perfect 
good  purity  {as  indicated  by  luminescence  measurements)  were  obtained, 
growth  conditions  and  characteristics  of  the  materials  produced  n:o  i: 
in  this  section. 


Vapo_r  Transport  Growth  Conditions 

The  growth  technique  is  illustrated  in  Figure  .  Sto ichiomet  r :  : 
tions  of  high-purity  (6  9s  grade)  elemental  Zn  and  Se  from  Osaka/Asahi 
pre-reacted  and  multiply-sublimed  in  separate  ampoules  prior  f  g:  jwtl 


Figure  5.  Growth  of  ZnSe  by  the  close-spaced  physical  v.if'v  :  r  i  trc- 
t  echn i que 


I 


results  in  further  purification  by  separating  nonvoiatilo  and  1  _ w-vc-p j r -r  •  •  - 

sure  impurities  from  the  ZnSe  sublimate.  To  l>riiig  ctbout  s  i  r.g  1  :  r  y  j  . 
growth,  the  mu  1 1  iply’-subi  imed  poiycrys  tal  1  ine  r.nSe  charge  wa-.  .n 

end  of  an  evacuated  guartz  ampoule  maintained  at  992‘^’C,  while  '  n«-  -rUf;.-  ‘.  n  j  : 

the  ampoule  was  maintained  at  980''‘C,  establishing  a  relat  iv*.*ly  i- 

ture  gradient  of  0 . 3*^0  cm“^  along  the  axis  of  the  growth  ampcuK-.  furr.n  ■ 

was  then  slowly  translated  in  the  direction  pointing  from  the  i*.r 
hotter  zone.  The  rate  of  furnace  travel  was  fixed  at  6  miri  per  day.  rr;*. 
s  ingle-cryst  a  1  growth  was  unseeded.  The  duration  of  the  gtowt  n  w-a.-  apr.ri  i - 
mately  four  weeks.  During  the  course  of  the  growth,  a.u  ao  ji  a  1  n  >.•  ;  * 
ure  Occurred  that  interrupted  the  transport  process. 


Bulk.  Materials  Characteristics 

The  crystals  grown  were  a  few  rrd  11  imeters  on  a  side.  This  'mail  -ir.a  >•- 
crystal  size  is  probably  due  to  a  growth  interruption  caused  by  r.h'-  p.we: 
failure  that  occurred  during  the  experiment.  The  crystals  had  fully  .ie/el  : 

facets,  predominantly  { 1 1 0  } -oriented .  X-ray  tocking-curve  ar.a  iys  1.-:.  oarr.'-i 
out  with  a  four-crystal  Si  monochromator  gave  a  FWHM  'of  19  arc-sec,  in  iic-sr. : 
excellent  crystal  lattice  perfection.  V'ery  bright  cathodolumincsct.T.  :•  wa*' 
served.  The  CL  spectrum  at  15K  is  shown  in  Figure  6.  A.s  d  i  s  ..-uosti- j  i:;  :  r.no 
tion  with  Table  I,  the  sharp  peak  at  about  2.78  t^.-  2.79  eV  ca:.  i:«  -i-itO'" 

with  free  excitons.  Phonon  replicas  at  lower  energies,  separat'^'d  i,  y  <ir.<  ut 
31  mev,  are  derived  from  this  peak.  The  brightness  of  the  free  ex,:.''.:,  rrm:  . 
sion  indicates  excellent  crystal  lattice  perfection,  in  cor..sonance  w.tn  th*: 
very  narrow  X-ray  rocking  curve  iinewidth  observed.  There  is  ais:  a  r.r  .  : 
very  bright,  emission  band  at  lower  energies  (2.3  to  2.F  eV)  .  Th*..-  origin 

this  band  is  uncertain.  Its  presence  was  reflected  by  the  .slightly 
appearance  of  the  as-grown  crystals. 


Figure  8.  Cathodoluminescence  .spectrum  of  bulk 
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i’'M.XARy  AKD  CON’CLUSION 


The  results  of  preliminary  experiments  in  vapor  phase  growth  of  ZnSe, 
loth  epitaxial  and  bulk,  have  been  reported.  Epitaxial  layers  and  bulk  sin” 
crystals  of  good  crystal  lattice  perfection  were  obtained.  Impurities  in  t' 
epitaxial  layers  were  determined  by  mass-spectroscopic  techniques,  and  tl.ci 
likely  sources  identified.  The  luminescence  properties  of  the  materials  we 
.'tudied,  and  bright  emission  was  observed.  Both  epitaxial  and  bulk  rriareria 
give  evidence  of  free  excitons  at  15K,  very  strong  in  the  bulk,  relatively 
weak  in  the  epitaxial  material.  Both  also  show  strong  S'ln-bardgap  banris  of 
:..nkn,'wn  origin,  presumed  to  related  to  the  presence  of  impurities  and/cr  cc 
defects . 


In  addition  to  eliminating  the  sources  of  the  principal  impurities  (Cd 
Te,  Ga,  As,  and  Cl)  observed  in  the  epitaxial  material,  lowering  of  the  grr 
temperature  from  450*^0  to  around  350^C  is  deem.ed  important  for  future  effort 
o  achieve  high-conductivity  n-type  and  p-type  doping  of  ZnSe.  To  achieve 
this,  promising  approaches  are  the  use  of  photo-assisted  MOVFE  and/cr  the  u 
of  new  reactants  designed  for  lower -temperature  decomposition  while  still 
avoiding  gas-phase  pre-react ion . 


Future  woik  on  bulk  growth  of  ZnSe  will  focus  on  increasing  the  single¬ 
crystal  size  while  still  maintaining  excellent  crystal  lattice  perfection. 
The  availability  of  high-quality  large-area  ZnSe  substrates  will  aid  the  de¬ 
velopment  and  understanding  of  high-purity  and  doped  epitaxial  ZnSe. 


ACKNOWLEDGMENTS 

We  would  like  to  tharik  Virginia  Harper  of  SBRC  for  expert  operation  of 
“he  sSEM;  Takashi  Yasuda  and  Jim  Merz  of  UCSP  i  r  the  phocciuminescence  meas 
urements  reported  in  this  paper;  and  Sid  Bhargava  and  Pierre  Petrcff,  also 
LiCSB,  for  the  cat  hodoi  umi  ne.scence  measurements  . 


REFERENCES 

1.  T.  Yasuda,  I.  Mitsuishi,  and  H.  Kukimoto.  "Metalorganic  vapor  phase 
epitaxy  of  low-resistivity  p-type  ZnSe.”  Appl.  Phys.  Lett.  t>J,  57-59 
(1988  )  . 

2.  B.A.  Khan,  N.  Taskar,  D.  Dorman,  and  K.  Shahzad  (1991)  .  'T-type 
conversion  of  nitrogen-doped  ZnSe  films  grown  by  MOCVD . ”  Proceedings  c 
the  Spring  1991  MRS  Meeting  (unpublished). 

3.  H.  Mitsuhashi,  I.  Mitsuishi,  and  H.  Kukimoto.  "MOCVD  arowth  of  ZnSxSe; 
epitaxial  layers  latt ice-matched  to  GaAs  using  alkyls  of  Zn,  S,  and  3e. 
Jao,  J.  Appl.  Phys.  24,  L864-L866  (1985). 

4.  H.  Mitsuhashi,  I.  Mitsuishi,  M.  Mizuta,  and  .4.  Kukimoto.  "Coherent  gr" 
of  ZnSe  on  GaAs  by  MOCVD."  Jap.  J.  Appl.  Phys.  24,  L578-L590  (1985) . 

5.  K.P.  Giapis,  D-C.  Lu,  D.I.  Fotiadi.s,  and  K.F.  Jensen.  "A  new  reactor 
system  for  MOCVD  of  ZnSe:  Modelling  and  experimental  results  for  grvrwt.h. 
from  dimethyl  zinc  and  diethylselenide . "  J.  Crystal  Growth  204,  629-f40 
(1  990)  . 


6  . 


H.E.  Gumlich,  D.  Theis,  and 
Bbrnstein,  New  Series,  VoJ . 
(1982)  . 


D.  Tschierse.  "Zinc  selenide." 


In  Landolt- 


J 7b,  pp. 126-156.  Berlin:  Spt inger-Ve r 1 ag 


OMVPE  GROWTH  OF  ZnSe  UTILIZING  ZINC  AMIDES  AS  SOURCE 
COMPOUNDS:  RELEVANCE  TO  THE  PRODUCTION  OF  p-TYPE  MATERIAL 


281 


WILLIAM  S.  REES,  JR.‘  AND  DAVID  M.  GREEN 

Department  of  Chemistry  and  Materials  Research  and  Technology  Center,  The  Florida  State 
University,  Tallahassee,  FL,  323006-3G06  U.S.A. 


TIMOTHY  J.  ANDERSON  AND  ERIC  BRETSCHNEIDER 

Department  of  Chemical  Engineering  and  MICROFABRITECH,  University  of  Florida,  Gainesville,  FL 


ABSTRACT 

Growth  of  ZnSe  on  GaAs  from  H2Se  and  Zn[N{TMS)2]2  precursors  has  been  demonstrated. 
When  Et2Zn  is  used  as  the  zinr  precursor  a  tiioher  quality  deposit  is  obfai''ed  Result'  o* 
experiments  employing  Et2Zn  as  the  main  zinc  source  with  ZnlN(TMS)2l2  introduced  at  a  dopant 
level  indicate  nitrogen  has  been  incorporated.  Final  thin  films  were  characterized  by  PL,  XRD,  SIMS, 
and  Raman. 


INTRODUCTION 

A  recent  report  by  workers  from  the  3M  Company  of  a  ZnSe-based  quantum  well  diode  laser 
operating  at  77K  in  a  pulsed  mode  has  motivated  researchers  to  develop  methods  for  producing  low 
resistivity,  p-type  ZnSe  with  nitrogen  doping.  The  main  interest  in  this  wide  band-gap  material 
stems  from  its  potential  to  operate  in  the  blue  end  region  of  the  visible  spectrum.  Several  current 
problems  exist  in  the  development  of  ZnSe-based  optoelectronic  devices,  including  the  lack  of  a 
commercially  available  lattice-matched  substrate  material,  a  suitable  cladding  material,  and  a 
reproducible  method  for  production  of  low  resistivity,  p-type  material.  This  last  problem  is  the  locus 
of  this  report. 

The  first  report  of  conductive  p-type  ZnSe  grown  by  MOVPE  was  in  1988  by  Yasuda^  et  al. 
Lithium  nitride  (LisN)  was  the  dopant  source  in  a  low  pressure  reactor  utilizing  ZnMe2  and  SeEt2 
precursors.  An  extremely  high  doping  level  of  9  x  10’^  cm-3,  determined  by  Hall  measurements, 
was  reported.  PL  measurements  suggested  lithium  was  the  active  acceptor  element,  although 
nitrogen  could  not  be  excluded.  However,  this  report  has  not  been  duplicated  by  other  workers. 
Yoshikawa^  etal.  demonstrated  lithium  incorporation  as  an  acceptor  when  cyclopentadienyl  lithium 
(CpLi)  was  used  as  a  source  in  conjunction  with  ZnMez  and  SeMez  al  500°C  in  an  atmospheric 
pressure  MOVPE  system.  Only  PL  results  were  given  and  the  CpLi  source  is  a  low  vapor  pressure 
solid  (like  LiaN)  thus  making  it  difficult  to  control  transport  rates.  More  recently  workers  at 
Toshiba'*  have  demonstrated  moderate  levels  of  p-type  doping  using  tertiary-butyllithium  (iBuLi)  as 
the  lithium  source  and  ZnMe2  and  SeMea  as  the  main  element  sources.  Hall  measurements  were 
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performed  on  both  the  as-deposited  film  and  the  film  for  which  the  GaAs  substrate  was  removed. 
The  results  of  the  Hall  measurements  were  nearly  identical,  indicating  minimal  p-type  conversion  of 
the  underlying  S.  I.  GaAs  substrate  by  zinc  diffusion. 

In  addition  to  lithium  doping,  marginal  success  has  been  achieved  with  nitrogen  doping  during 
MOVPE  growth  of  ZnSe.  Stutius^  first  reported  the  incorporation  of  nitrogen  in  MOVPE  ZnSe  using 
NH3  as  the  dopant  source.  Similar  results  were  reported  more  recently  by  researchers  at  NTT® 
and  Chiba  University^  using  NH3  as  the  dopant  and  ZnEta  and  ZnMe2/H2Se  as  the  main  element 
precursors.  Suemune®  etal.  found  that  films  of  ZnSo.06Seo.94  (lattice  matched  to  GaAs)  gave  ten 
times  larger  PL  efficiency  than  lattice  mismatched  ZnSe  films.  In  addition,  only  low  resistivity  p- 
type  behavior  was  observed  for  the  lattice  matched  material  {NH3  dopant  source).  Researchers  at 
Hitachi®  have  reported  successful  p-type  doping  with  NH3  by  MOMBE.  It  was  suggested  that  the 
efficient  incorporation  of  nitrogen  by  this  technique  was  due  to  growth  under  more  zinc-rich 
conditions.  In  each  of  these  studies  NH3  was  used  as  the  nitrogen  acceptor  source.  Significant 
incorporation  of  nitrogen  with  this  source  is  difficult  because  of  slow  thermal  decomposition  rates  at 
growth  temperature,  low  sticking  coefficients,  and  possible  adduct  formation  with  organometallic 
precursors. 

The  success  reported  by  the  3M  Company  was  based  on  achieving  significant  nitrogen 
incorpuiution  during  MBE  growth  using  a  ground  state,  free  radical  nitrogen  source.  This  success, 
and  the  difficulty  in  obtaining  atomic  nitrogen  at  higher  pressures,  motivated  us  to  examine 
alternative  precursors.  Keeping  in  mind  the  need  to  locate  the  nitrogen  atom  specifically  on  a 
selenium  site  in  the  lattice,  we  decided  to  examine  precursors  which  contained  a  Zn-N  bond. 
Realizing  that  zinc  prefers  the  native  site,  an  enhancement  in  site  selectivity  would  occur,  if  the  Zn- 
N  bond  could  be  retained  during  the  deposition  experiment.  The  results  of  our  preliminary 
investigation  are  presented  here. 


RESULTS  AND  DISCUSSION 

To  have  a  reliable  baseline  against  which  to  judge  the  dopant  experiments,  nominally  undoped 
ZnSe  was  grown  first.  The  growth  conditions  for  ZnSe  were;  GaAs  substrate,  2°  to  nearest  (110); 
550'’C,  H2,  10  minutes  (pre-cleaning);  3  sipm  (10-®  mol  fraction)  H2Se;  2  sipm  (10  ''  mol  fraction) 
EtzZn;  60°C  bubbler  temperature  (10  ®  mol  fraction)  Zn[N(TMS)2l2:  250  -  450°C  substrate 
temperature;  80  torr  reactor  pressure:  0.5  p/h  growth  rate.  A  PL  spectrum  of  such  nominally 
undoped  material  is  given  (Fig.  1).  Next,  growth  utilizing  only  ZnrNISi(CH3)3j2}2  a?  the  source  of 
zinc  was  performed.  The  purpose  of  this  experiment  was  two-told.  First,  to  determine  if  the  zinc 
amide  was  a  viable  transport  source  for  zinc.  Second,  to  ascertain  the  optimum  decomposition 
temperature  for  this  dopant  precursor.  XRD  (Fig.  2)  patterns  of  films  grown  using  EtzZn  (A)  and 
the  zinc  amide  (B)  are  virtually  identical,  thus  indicating  the  zinc  b/s-amide  compound  is  a  good 
source  for  deposition  of  zinc-containing  materials.  Downstream  monitoring  of  the  zinc  amide 
decomposition  pattern  by  capillary  sampling/mass  spectroscopy  (Fig.  3)  indicated  the  optimum 
region  of  thermal  decomposition  for  this  source  is  ~350'’C  to  maintain  the  Zn-N  bond  while  eliminating 
SiMe4, 
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Figure  3:  Arbitrary  strength  of  post-substrate  mass  spectrum  signal  attributed  to  the 
ZnN2'^  fragment  of  Zn[N(TMS)2l2  as  a  function  of  substrate  temperature. 
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Figure  4:  Raman  spectra  of  ZnSe  grown  from  H2Se  and  Et2Zn  (A)  or 
H2SeandZn(N(TMS)2]2(B). 
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Having  thus  demonstrated  both  the  capability  of  growing  nominally  undoped  ZnSe  and  the 
viability  of  Zn{N[Si(CH3)3]2)2  as  an  OMVPE  source  compound,  we  directed  our  efforts  at  the 
utilization  of  this  zinc  amide  as  a  dopant  precursor  for  growth  of  p  type  films.  The  basic  idea  was 
to  enforce  retention  of  the  Zn-N  bond  under  growth  conditions.  Previously,  we  had  shown  that  gas 
phase  decomposition  of  the  zinc  amide  proceeded  by  expulsion  of  "ZnN."'0  Such  an  observation 
conflicts  with  known  bond  strengths."  Recently,  we  undertook  a  computational  project  aimed  at 
providing  some  insight  into  this  problem. '2  The  bulk  of  the  electron  density  in  the  top  five  occupied 
molecular  orbitals  resides  in  the  trimethylsilyl  groups,  thereby  rendering  both  the  Zn-N  and  Si-N 
bonds  somewhat  weakened.  Also,  we  have  prepared  Zn(N[C(CH3)3Si(CH3)3])2,  determined  its 
solid  state  structure  by  single  crystal  x-ray  diffraction,  and  examined  both  its  vapor  phase 
decomposition  profile  and  molecular  orbital  bonding  arrangement.'^  Just  like  the  h/s-silylamide,  the 
carbido-silylamide  exhibits  a  strong  peak  in  the  MS  attributable  to  the  parent-(ZnN).  The  MO 
scheme  for  this  unsymmetrical  metal  amide  also  indicates  strong  organic  fragment  bonding  at  the 
top  of  the  filled  levels.  All  of  these  results  point  to  the  potential  fo'  zinc  amides  to  serve  as  dopant 
sources  for  electronically  active  nitrogen  incorporation  to  produce  p-type  ZnSe. 

Preliminary  SIMS  data  show  a  strong  peak  assigned  to  SeN,  identical  to  the  one  observed  for 
ion-implanted  (N)  pure  ZnSe.  Raman  spectra  of  nominally  undoped  films  and  films  grown  with 
Zn(N[Si(CH3)3j2)2  as  the  zinc  source  show  several  features  of  interest  (Fig.  4).  As  observed,  the 
intensity  decrease  of  the  longitudinal  optical  phonon  frequency  at  253  cm-'  is  coupled  to  an  intensity 
increase  evident  at  267  cm-'.  Figure  4A  is  a  Raman  spectrum  for  a  film  deposited  only  from  EteZn 
and  H2Se.  Comparable  data  were  observed  for  higher  deposition  temperatures.  The  assignment  of 
the  vibration  at  267  cm-',  which  increases  in  intensity  as  the  concentration  of  Zn(N(TMS)2l2  is 
increased,  is  attributed  to  the  coupled  plasmon  LO  phonon  mode  of  pure  ZnSe.  Combining  these 
observations  with  those  of  the  thermal  decomposition  studies  (Fig.  3)  suggests  an  optimum  growth 
temperature  from  the  Zn{N[Si(CH3)3]2)2  of  350°C.  This  was  identified  as  the  temperature  for 
maximum  production  of  ZnN.  This  correlation  of  flux  of  species  possessing  a  zinc-nitrogen  bond 
with  the  observed  changes  in  the  Raman  spectrum  gives  confirmation  to  our  suggestion  that 
nitrogen  incorporation  is  occurring  in  the  films.  Future  work  is  aimed  at  obtaining  additional 
supporting  evidence  for  the  "designer  dopant"  approach. 
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ABSTRACT 

Among  II-VI  semiconductors  CdTe  is  the  one  that  can  be  grown  in  better 
crystal  quality.  However  most  of  the  edge  and  near  edge  luminescence 
properties  are  still  to  be  clarified.  CdTe  can  be  obtained  in  both  £  and 
£  type  and  conductivity  type  conversion  is  obtained  under  heat  treatment. 

In  this  work  we  studied  the  behaviour  of  a  batch  of  CdTe  samples  under 
annealing  in  different  conditions.  We  observed  the  growth  and  destruction 
of  the  1.47  eV  band  and  separated  the  1.47  eV  and  1.43  eV  bands.  We  also 
show  that  these  bands  are  strongly  related  with  the  chemical  stoichiometry. 


INTRODUCTION 

Among  II-VI  semiconductors  CdTe  has  received  a  great  deal  of  attention 
partially  because  of  its  extensive  use  as  a  substrate  in  HgCdTe  infrared 
detectors  among  other  applications  in  solar  cells,  nuclear  detectors  [1] 
and  the  growth  of  epi layers.  It  is  also  an  interesting  material  for  use 
in  diluted  magnetic  superlattices  and  optoelectronic  devices.  All  these 
applications  are  very  sensitive  on  the  quality  of  starting  material.  Although 
a  great  deal  of  work  has  already  been  published  few  precise  results  are 
availabe[2,3,4]  and  a  correct  identification  of  most  donor  and  acceptor 
levels  is  still  under  controversy.  This  is  partially  due  to  the  fact  that 
the  quality  of  the  crystals  available  was  in  general  poor  and  frequently 
polycrystals  were  employed.  The  study  of  this  material  is  also  important 
from  the  physical  point  of  view.  It  is  one  of  the  few  II-VIs  that  can  be 
grown  in  both  £  and  £  conductivity  type  and  type  conversion  can  be 
experimentally  induced  and  monitored,  thus  providing  insight  for  the  true 
role  of  intrinsic  defects  in  this  process. 


EXPERIMENTAL  DETAILS 

Low  temperature  (4  -  70  K)  photoluminescence  was  used  to  study  the 
emission  of  CdTe  crystals.  Above  gap  excitation  was  achieved  either  by 
an  argon  laser  (5145  A)  or  with  a  Xe  lamp  followed  by  a  monocromator.  The 
luminescence  was  caught  in  a  90°  geometry,  dispersed  by  a  1700  SPEX  machine 
and  detected  by  a  photomultiplier  tube  with  an  extended  red  cathode.  The 
samples  were  prepared  from  single  CdTe  crystals  grown  by  a  Bridgman  process 
in  different  crystals  orientations,  conductivity  and  sizes.  A  batch  of 
more  than  30  crystals  was  available.  The  samples  were  cut  and  mechanically 
polished  or  etched.  The  density  of  etch  pits  was  in  the  order  of  loVcm^. 
Annealing  treatments  were  performed  either  in  open  tubes  in  inert  atmosphere 
or  in  closed  quartz  ampoules  and  excess  high  purity  cadmium  overpressure. 
In  all  measurements  a  control  sample  was  kept  for  monitoring  the  experimental 
results. 
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Fig.  1  shows  the  spectrum  of  CdTe  at  two  different  temperatures.  It 
is  clearly  seen  the  contribution  of  3  acceptors  to  a  donor-acceptor 
transition  and  a  band-acceptor  transition.  An  impurity  bound  exciton  is 
also  observed  at  60  meV  from  the  conduction  band  edge  as  measured 
spectroscopically  from  the  free  to  bound  transition  energy 

h  V  =  Eg  -  Ea  +  ^  (1) 

and  taking  the  electron  temperature  as  the  lattice  temperature. 
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Fig.  1  -  Edge  luminescence  from  CdTe 
a)  4  K;  b)  12  K 


At  higher  temperatures  (Fig.  lb)  the  free  to  bound  transition  dominates 
the  spectrum.  The  energy  of  the  shallow  donor  can  be  estimated  from  the 
separation  of  the  donor-acceptor  band-acceptor  transition  and  the  pair 
mean  separation 

h  V  D.A  =  h  V  b-a  '  Eg  -t  A 


as  I- 15  meV.  These  results  are  in  accordance  with  previous  publ ications  [5,6] , 
apart  from  the  greater  detail  shown  in  our  low  temperature  spectrum. 


NEAR  EDGE  LUMINESCENCE 

Fig.  2  shows  typical  12  K  luminescence  spectra  of  p  type  CdTe  samples. 
The  spectral  structure  shown  varies  strongly  with  the  resistivity  of  the 
sample  and  within  the  same  sample  the  face  from  which  the  luminescence 
is  colected.  Namely  the  spectra  of  the  same  (111)  sample  with  uniform  EPD 
are  very  different  when  collected  from  face  A  (Cd)  and  face  B  (Te).  The 
spectrum  is  dominated  by  the  donor-acceotor  and  band-acceptor  transitions 
at  1.54  eV  (8061  A)  and  1.55  eV  (8024  A)  followed  by  their  phonon  side 
band  separated  by  ^  21  meV  (the  LO  phonon  energy  is  quoted  as  21.3  meV 
in  CdTe).  In  some  samples  a  line  at  1.59  eV  normaly  identified  as  an  exciton 
bound  to  the  Cu  acceptor]?]  is  also  present.  This  system  is  followed  by 
a  broad  band  that  can  be  deconvoluted  in  two  separate  bands,  one  with  its 
stronger  intensity  at  1.47  eV  with  a  halfwidth  of  8  meV  and  the  other 
peaking  at  1.43  eV  and  7.60  meV  wide.  The  zero-phonon  lines  of  these  bands 
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Fig.  2  -  Edge  and  near  edge  luminescence  from  as  grown  CdTe 


are  not  cleariy  identified.  The  broad  structure  of  these  bands  suggests 
their  origin  as  the  spectral  convolution  of  different  but  closely  related 
defect  clusters.  This  idea  is  supported,,  by  the  experimental  fact  that  the 
phonon  structure  of  the  1.43  eV  (8700  A)  band  could  always  be  evidenced 
by  selectively  exciting  some  defect  clusters  by  varying  the  excitation 
wavelength.  The  1.43  eV  band  has  been  frequently  assigned  to  a  DAP  (Donor 
Acceptor  Pair)  band[5]  while  it  has  recently  been  argued  that  the  1.47  eV 
(8400  A)  band  is  related  with  the  etch  pit  dislocation  density [8]. 


HEAT  TREATMENTS 

Heat  treatments  of  CdTe  are  of  particular  importance  since  the 
stoichiometry  of  the  crysta’  can  be  overall  changed  and  it  is  known  that 
higher  temperature  annealing  always  results  in  conversion  of  CdTe  to  n 
conductivity  type,  although  this  process  is  still  not  completely  understood 
specially  due  to  the  fact  that  the  role  of  the  intrinsic  defects  in  the 
process  has  been  most  probably  over  emphasized. 

We  have  performed  a  few  annealing  experiments  under  different  conditions 
to  evaluate  the  behaviour  of  the  broad  near  edge  luminescence  bands.  The 
results  are  shown  in  Figs.  3a)  and  b).  The  results  show  that  the  1.47  eV 
band  can  be  created  by  annealing  in  an  excess  cadmium  atmosphere.  It  was 
also  observed  that  in  samples  containing  the  1.47  eV  band  at  the  starting 
point  the  annealing  of  the  1.47  eV  band  occurs  at  300  C  in  argon  atmosphere 
and  only  at  -u  700  C  in  cadmium  atmosphere. 


0 


^  annealing  in  argon  atmosphere.  This 
cou  d  work  as  an  argument  in  favour  of  a  Ct)  vacancy  related  band.  But  a 
similar  growth  is  also  obtained  in  an  excess  cadmium  overpressure.  In  Fin  4 

separated  by  spectral  subtraction.  So 
the  presence  of  the  donor  species  Cdi  does  "ot  affect  greatly  the  DAP  1  43  eV 


Fig.  4  -  The  1.47  eV  (8400  A)  band 
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CONCLUSIONS 

We  have  shown  in  this  paper  that  the  edge  =‘'’d  near  edge  luminescence 
of  CdTe,  specially  the  presence  of  broad  bards  is  strongly  dependent  on 
the  chemical  stoichiometry,  this  is  specially  clear  comparing  the  sistemafic 
differences  shown  by  the  spectra  of  faces  A  and  B  of  (111)  samples.  We 
also  were  able  to  create  the  1.47  eV  band  by  annealing  of  a  p  type  crystal 
in  an  Cd  overpressure  environment.  This  questions  the  Idea  that  this  band 
is  correlated  with  EPD  apart  from  the  fact  that  these  extensive  defects 
could  act  as  good  trapping  centres  for  the  Cd,  species  acting  as  a  donor. 
The  1.43  eV  DAP  band  could  not  be  correlated  with  tne  presence  of  excess 
cadmium  atoms  and  so  its  assignement  to  intrinsic  defects  is  not  obvious. 
Its  annealing  behaviour  could  equally  well  be  interpreted  in  the  basis 
of  the  native  defects,  this  would  explain  the  raise  of  the  1.43  eV  band 
obtained  by  Taguchi  et  al  [7)  near  the  interface  of  epilayers  CdTe/GaAs. 
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ABSTRACT 

High  quality  epitaxial  filttis  of  ZnSe  and  ZnSe/ZnS  strained  layer  superlattices  (SLS)  have 
been  grown  on  (  lOil)  GaAs  substrates  using  diethylZinc,  dimethylSelenide,  diethylSelenide, 
and  piopyleneSulfide  as  reagents  in  both  atmospherie  and  low  pressure  environment.  This 
source  combination  produces  the  results  showing  the  influence  of  process  conditions,  such  as 
reagent  flow  ratio  (f\i/li|)  ;ind  substrate  teinperaiure.  on  the  film  stoichiometry,  surface 
morphology,  and  crystalline  quality.  Low  temperature  photoluminescence  (PL).  Rutherford 
backscaitering  spectrometry  (RB.S),  cross-sectional  TEM,  and  x-ray  diffniciion  have  been  used 
to  characterize  the  films  Photoluminescence  studies  at  2.S  K  on  samples  of  ZnSe/ZnS  strained 
layer  stiperlattices;  1(1  periods  ZnSe(l.5  nm)/Zn.S(S.5  nm).  have  shown  quantum  size  effect 
with  the  peak  energy  blue-shifted  to  3.03  eV  with  the  EW1IM=73  meV.  Atomic  force 
tnicroscopy  ( AFM  i  w  as  applied  to  study  sutl'aee  morphology  of  multilayer  samples. 


INTRODI.C.’TION 

In  the  past  dectide,  the  improvements  in  epitaxial  growth  of  ll-Vl  compounds  by  MCXIVD 
and  .MBE  technisiues  1 1  -4 1  have  generated  s  ivid  interests  in  the  application  of  these  materials  to 
optoelectronics  desices,  i.e.,  mainly  sisible  laser  dicxles  and  non-linear  devices  like  second 
hamtonic  generators.  Some  recent  success  |5-7|  in  prototype  devices  based  on  superlattices  and 
multiple  quantum  wells  of  ZnSe/ZnS,  ZnSSe/ZnS,  and  CdZ.n.Se/ZnS  has  shosvn  great  potential 
of  this  family  of  materials  in  device  applications. 

Crystal  growth  of  these  materials  is  still  not  perfect.  The  strains  between  different  layers 
due  to  lattice  mismatch  often  pose  an  instability  concern.  Rough  surface  morphology  is  of  great 
concern  in  the  growth  of  ll-Vl  compounds  1 1 1.  Ihe  rough  grosvth  front  causes  the  usually 
observed  wavy  interfaces  in  ll-Vl  superlattices.  which  causes  the  broadening  of  luminescence 
emission  peak  |X-9|  and  weak  x-ray  satellite  peak  ..  The  present  study  is  focused  on  the 
epitaxial  grow  ih  of  stoichiometric  film  and  the  influence  of  process  conditions  on  the  .surface 
morphology  and  interface  .ibiuptness. 


EXPERIMIiNTAI. 


-Samples  were  grown  in  a  horizontal  quartz  reactor  using  dietlivlZinc,  dimethylSelenide, 
diethylSelenide,  and  propyleneSuKide  as  reagents  in  both  atmospheric  and  low  pressure 
environment.  The  range  of  growth  temperatures  s.iried  from  4()1I''C  to  475'’r.  The  pressure 
was  kept  at  94  torr  for  the  Z.nSe/Z.nS  SLS  growth  Reagents  were  mixed  in  a  fast  switching  unit 
before  facing  the  substrate.  (iaAs  substrate  was  prepared  by  standard  solvent  cleaning,  then 
etched  for  2  minutes  in  a  mixture  of  1  p.irt  Dl  water,  I  pan  hydrogen  peroxide,  and  5  pans 
sulfuric  acid.  Before  grosvth,  substrate  was  thermally  treated  at  540'’C  for  10  minutes  in 
hydrogen  environment. 

The  I’L  was  excited  by  the  UV  line  of  a  lle-('d  laser  and  detected  with  a  Spex  double 
monochromator,  and  the  liquid  helium  dewar  temperature  was  maintained  at  2  8  K  through 
pumping.  A  Picker  full-circle  single  crystal  diffractometer  was  used  to  obtain  x-ray  diffraction 
curve  The  alignment  of  diffractometer  was  achieved  by  maximizing  the  GaAs  (40())  rcllection 
intensity.  Study  on  small-scale  surface  morphology  used  a  Namiscope  II  by  Digital  Instruments 
to  scan  1  (iin  x  I  pm  area  on  the  sample 
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RESULTS  AND  DISCUSSIONS 


Orowth  of  2nSe 


PL  measurements  at  2.8  K  of  ZnSe 
layers  (Fig.  1  (a))  showed  a  strong  near 
band  edge  (NBE)  peak  at  2.802  eV  and 
relatively  weak  deep  level  (DL)  emission 
band  between  2.0  and  2.2  eV,  which  is 
characteristic  of  a  good  quality  ZnSe  film 

[10] .  The  detailed  structure  of  NBE  peaks 
was  resolved  by  performing  a  narrow  PL 
scan  on  the  same  film  (  Fig.  1  (b)).  The 
peak  identities  were  assigned  based  on  peak 
energies,  which  were  very  close  to  the 
values  people  reported  earlier  [  1 1  - 1 2 1.  The 
relatively  strong  free  exciionic  peak  is  at 
2.802  eV.  The  strongest  peak  at  2.798  eV  is 
due  to  bound  exciton  with  neutral  donor,  as 
neutral  donor  is  shallower  in  bandgap  than 
neutral  acceptor.  No  transition  due  to  bound 
exciton  with  neutral  acceptor  was  observed 
from  this  sample.  A  weak  emission  peak  at 
2.787  eV  was  believed  to  be  associated  with 
bound  exciton  and  ionized  acceptor. 

The  donor-acceptor  pair  (DAP)  is 
clearly  shown  on  the  spectrum  with  the  peak 
energy  of  2.702  eV,  and  also  three  phonon 
replicas  associated  with  it,  each  of  31  meV 

[11] .  Since  no  dopants  were  added  during 
growth,  it  is  believed  the  donor  is  associated 
with  Gazn,  and  the  acceptor  is  due  to  Asse 
[13j.  From  this,  it  is  obvious  interdiffusion 
had  occurred  at  the  interface  between  film 
and  substrate,  which  people  observed  before 
(111. 


WAVELENGTH.  ■  TOO  Anottrom 

Bg.  I  (a)  A  photoluminesccnce  spectrum  of  a 
good  quality  ZnSe  film  showing  NBE 
and  DL  pe^s.  (b)  Narrow  scan  of  the 
same  film. 


The  result  of  Rutherford  backscattering  spectrometry.  Fig.  2,  gave  a  5.2%  minimum  yield 
on  the  same  film,  which  is  lower  than  the  value  reported  by  Ohmi  et  al.  (14].  The  x-ray 
diffraction  curve  in  Fig.  3  of  a  4()0nm-thick  film  showed  a  narrow  (400)  ZnSe  film  peak  and 
two  substrate  peaks,  indicative  of  good  epitaxy  and  crystallinity.  The  FWHM  of  the  ZnSe  (400) 
peak  was  measured  to  be  0. 1  degree,  and  the  FWHM  of  the  substrate  peak  was  0.06  degree. 


Ftg.2  An  RBS  spectrum  gave  5.2%  minimum  yield  of  s 
good  quality  ZnSe/GaAs. 


Fig.  3  An  x-ray  diffraction  curve  showing  ZnSe  (400) 
reflection  at  2  lheta  =  66.13®. 
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A  cross-sectional  transmission  electron  micrograph  (Fig.  4)  showed  coherent  growth  of 
ZnSe  on  the  substrate.  Some  stacking  faults  appeared  in  the  film  and  the  interface  seemed 
smooth. 


ZnSe 

.  > 

H 

,  1.3  nm 

GaAs 

Fi^.  4  A  transmission  electron  microgiaph  show'ng  the  cross  section  of  ZnSc  gtowi'n  on  (IOC)  CaAs. 


The  surface  morphology  of  a  good  quality  ZnSe  film  was  usually  faceted  and  textured,  and 
the  degree  of  facetedness  depended  on  fsc/fzn  The  texture  was  usually  toward  <01 1>  direction, 
as  also  observed  by  the  other  researchers  [15].  A  schematic  diagram  shown  in  Fig.  5  (a)  was 
adopted  to  explain  the  facet  formation  on  the  surface.  The  scanning  eleeffon  micrograph  in  Fig. 
5  (b)  is  a  typical  cross-sectional  view  of  a  crystalline  ZnSe  film. 

(tool 


Fig.  5  Cross-sectional  view  of  faceted  surface  morphology  of  ZnSc  (a)  a  schematic  (b)  SEM. 


The  effect  of  fse/fzn  on  surface  morphology  is  shown  in  Figure  6;  fsc/fzn=8  yielded  the 
snKX)thest  surface,  while  fse/fzn=4  yielded  the  roughest  surface  among  the  three  samples.  It  was 
pondered  that  since  diethylZinc  and  dimethylSelenide  were  used  as  precursors  in  the  film 
growth,  and  ethyl  molecules  decomposed  easier  than  methyl  molecules,  the  Zn  atoms  left  on  the 
growth  front  quickly  settled  down  due  to  its  lower  vapor  pressure  (larger  sticking  coefficient) 
in  the  growth  conditions  of  small  fse/fzn .  thus  enhanced  facet  formation.  The  observation  of 
increased  growth  rates  with  decreased  also  supports  this  argument. 


Fig,  6  Effccl  of  fSc/fZn  on  ZnSe  surftce  morphology  (a)  fsc/rzn*-*  (b)  fSe/fZn'b  (c)  fSe/fZn=8.  Growth 
lemperaturc  is  450°C. 
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1.  o  w  t  e  Ill  p  e  r  iitiJ  r  c  P  L 
measurements  performed  on 
ZnSe/ZnS  SLS  yielded  very  strong 
blue  emission.  A  typical  luminescence 
spectrum  is  shown  in  Fig.  7(a), 
which  was  obtained  from  a  sample  of 
single  quantum  well  grown  at  450’C. 
The  peak  energy  is  3.025  eV  and  the 
ZnSe  well  thickness  is  estimated  to  be 
1.5  nm  |3|.  The  red  shift  of  peak 
energy  due  to  increased  well 
thickness  is  observed  in  Fig.  7(b), 
which  was  obtained  from  a  sample 
grown  at  the  same  conditions  as  (a), 
except  that  the  growth  time  of  well 
layer  wtis  increased  from  75  sec  to  95 
sec.  The  peak  energy  in  (b)  is  2.924 
eV  and  the  corresponding  well 
thickness  is  estimated  to  be  3  nm  |.3|. 
The  quantum  size  effect  is  clearly 
obsers'ed  on  the  two  samples. 

We  also  investigated  the  issue  of 
interface  roughness  |9|  by  growing 
multiple  quantum  wells  (MQW) 
structures  (Fig.  7(c)).  There  were  10 
periods  ZnSe  (1.5  nm)/ZnS  (8.5  nm) 
in  this  sample  and  the  growth 
conditions  were  the  same  as  (a).  The 
peak  energy  of  (c)  is  3.075  eV,  but 
the  FWHM  is  increased  from  68.7 
meV  (in  (a))  to  1 16.8  tneV,  which  is 
a  sign  of  increased  interface 
roughness  between  Zn.Se  and  ZnS 
layers.  In  order  to  solve  this  problem, 
a  brief  interruption  of  the  Itiyer 
growth  with  group  VI  overpressure  in 
the  growth  chamber  was  ,ipplied. 

The  procedure  was  that  instead 
of  only  hydrogen  purge  between 
different  layer  growth,  the  group  VI 
source  continuously  flawed  for  ti 
brief  moment  after  the  growth,  then 
followed  by  pure  hydrogen  purge.  It 
was  in  the  hope  that  during  the  step  of 
flowing  group  VI  source,  the 
interface  would  be  smoothened  out. 
The  preliminary  result  is  shovsn  in 
Fig.  7(d),  which  was  obtained  from 
a  sample  of  10  periods  ZnSe/Zn.S 
with  the  same  growth  conditions  as 
(c).  The  peak  energy  of  this  sample  is 
3.027  eV  and  the  FWHM  is  73  meV. 
And  both  values  are  very  close  to 
those  of  the  single  QW  sample  (a), 
which  is  a  very  encouraging  sign, 
'flic  origin  of  fringes  on  this  emission 
peak  is  not  clear  at  this  moment. 


5  MS  S  50  5  56  5  62  5 

WAVEkEfiJCTM.  1  500  ar>gs!rof^ 
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Fig.  7  Low  temperature  PL  showing  excitonic 

emission  peaks  of  4  cases  of  ZnSe/ZnS  SLS. 
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Atomic  force  microscopt;  is  a  powerful  tool  to  investigate  minute  changes  of  surface 
morphology  1 16|,  which  are  too  important  infoniiation  in  crystal  growth  to  be  neglected.  The 
improvement  in  morphology  is  the  key  to  monolithic  integration  of  optoelectronic  devices 
consist  of  groups  IV,  Ill-V,  and  11-Vl  semiconductors.  Some  lineplots  of  the  result  are  shown 
in  Fig.  8.  The  scanned  area  is  1  pm  by  1pm.  The  smoothest  surface  was  (a)  among  the  three 
samples,  which  is  expected  for  a  single  Q\V  sample.  Textures  or  hillocks  were  appeared  on  (b) 
and  (c).  The  influence  of  growth  tem(X*rature  on  surface  morphology  was  also  observed. 


I  QNV  ol  ZnSc  (3  nm)/Zn5  (8  5  nm; 
Gfowth  icfDpcntiurt «  4S(Kr 


U)  QWiof  2j\ScfZnS 

icmper^iure  *  42l>C 


Fig  8  AFM  lineplots  of  surface  morphologies  of  three  cases  of  ZnSe/ZnS  quantum  well 
structures. 
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CONCl.USIONS 

We  have  investigated  the  stoichiometric  and  crystalline  propenies  of  epitaxial  ZnSe  film  on 
GaAs  substrate.  Interdiffusion  between  film  and  substrate  was  observed.  With  proper  control 
of  group  VI  to  II  ratio  in  the  growth  process,  it  is  possible  to  grow  smooth  films  of  good 
quality.  The  quantum  size  effect  was  confirmed  on  7.nSe/ZnS  SLS  and  the  interface  abruptness 
could  be  improved  with  growth  interruption  under  the  overpressure  of  group  VI  source.  Atomic 
force  microscopy  reveals  very  small-scale  variations  of  surface  morphology,  which  can  give 
some  insight  of  growth  kinetics. 
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THE  APPLICATION  OF  LAMMA- 1000  TO  THE  ELEMENTAL  ANALYSIS 
OF  CdTe  COMPOUND. 
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Institute  of  Rare  Metals.  R . To 1 machevsky  per.,  5,  109017  Moscow, 
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ABSTRACT 

Data  from  numerous  LMMS  analysis  of  specimens  of  a  polished 
sample  of  CdTe  crystal  are  treated  statistically  to  estimate  the 
accuracy  and  r epr oduc i b i 1 i t y  of  quantitative  analysis.  The  data 
are  consistent  with  the  instrument  producing  a  fixed  condition 
in  plasma  for  a  given  laser  power.  The  plasma  chemistry  is  shown 
to  control  the  conditions  reached  in  the  plasma  for  a  given 
power . 


INTRODUCTION 

The  aim  of  current  work  is  to  establish  methods  for  dealing 
with  the  data  relating  to  major  element  concentrations  in  a 
compound,  and  to  provide  some  idea  of  the  accuracy  and 
reproducibility  achievable.  The  results  are  also  used  to  provide 
an  insight  into  the  effects  of  specimen  composition,  and  hence 
plasma  chemistry,  on  the  behaviour  of  plasma. 


MATERIALS  AND  METHODS 

Two  kinds  of  CdTe  crystals,  which  were  as-grown  undoped  p- 
type  and  annealed  n-type  crystals,  used  in  the  present  research, 
were  grown  from  Te-rich  melt  by  the  Bridgmen  method.  Polished 
1  X  I  X  0.1  cm^  samples  with  resistivity  (0.5-2. 5)  10^  Ohm  cm, 
mobility  (40-80)  cm^V^s'^  and  carrier  concentration  10^^- 
-10^®  cra'^  at  room  temperature  were  used  by  us.  The  polished 
surfaces  were  [111]  faces. 

The  work  was  carried  out  on  a  Leybold  AG  LAMMA-1000 
instrument.  Each  specimen  was  analysed  using  a  series  of 
increasing  laser  powers  with  analyses  taken  at  ten  locations  to 
reduce  variability  due  to  surface  roughness. 

Peak  areas  were  measured  using  the  LAMMA  software,  with  a 
correction  to  allow  for  electron  multiplier  saturation  at  high 
signal  levels  [1].  Peak  areas  of  elements  were  plotted  against 
total  area  as  in  Fig.l.  The  measured  percentage  could  be  found 
from  the  slope  of  the  line  so  produced. 


RESULTS  AND  DISCUSSION 

Strong  correlation  was  found  between  the  various  elemental 
ion  yields  (peak  areas).  This  can  be  shown  both  by  simple  error 
analysis  and  also  by  plots  of  the  type  shown  in  Fig.  1.  This 
figure  also  shows  that,  at  a  given  power,  there  is  a  linear 
relationship  between  the  elemental  area  and  the  total  ion  yield. 
It  appears  that,  within  experimental  error,  the  measured 
percentage  of  any  element  is  constant  at  each  power. 
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Fig.  1.:  Variation  in  elemental  ion  yields  with  total  ion  yield 
for  the  elements  in  CdTe  at  a  laser  power  of  3  (respect  to 
threshold  power). 


The  elemental  percentages  derived  from  the  slopes  in  such 
plots  (calculated  by  least-squares  analysis)  can  have  standard 
errors  typically  0.5-2%,  but  can  be  as  low  as  0.3%.  The  error  is 
related  to  the  laser  power  and  hence  to  total  ion  yield;  larger 
number  of  ions  improve  the  statistics.  These  percentages  can  be 
used  to  establish  working  curves,  and  the  errors  indicate  that 
accurate  quantification  is  possible,  provided  sufficient  results 
are  obtained. 

The  above  measured  percentages  can  also  be  expressed  as 
correction  factors  for  a  given  elemental  ratio.  The  correction 
factor  is  the  multiplicative  factor  used  to  correct  an  ion  yield 
ratio  to  a  concentration  ratio. 

It  has  been  shown  that  the  temperature  is  a  function  of  the 
laser  power  dencity  [2,3),  and  so  it  can  be  assumed  that  the 
correction  factor  depends  on  laser  power  [4J.  Hence,  it  appears 
that  a  given  incident  laser  power  produces  a  fixed  set  of  plasma 
cond i t i ons . 

The  variation  of  the  correction  factor  for  CdTe  with  power 
is  shown  in  Fig. 2.  The  correction  derived  from  CdTe  increases 
and  asymptotically  approaches  a  value  close  to  0.4  at  relatively 
high  powers.  Growth  of  the  correction  factor  with  power  can  be 
explained  by  relationship  of  the  ionisation  potentials  of 
elements  ClP(Cd)  is  less  than  IP(Tc)),  It  is  snown  in  Fig. 2  that 
correction  factor  is  constant  and  far  from  unity  at  high  laser 
power.  So  it  can  be  assumed  that  plasma  conditions  (principally 
the  electron  temperature  and  density)  are  not  varied  with  power 
and  charge-to-neutral  ratio  for  Te  is  also  considerably  less 
then  unity. 


CO 
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Fig.  2:  Relationship  between  Cd/Te  correction  factor  and  laser 
power  for  the  CdTe. 


CONCLUSTOW 

This  work  shows  that,  for  CdTe  investigated,  the  measured 
ratio  of  the  elements  present  is  constant  for  a  given  incident 
laser  power.  This  ratio  can  be  measured  with  accuracy  as  high  as 
0.3X  standard  error,  indicating  that  quantification  with  good 
accuracy  is  possible.  The  plasma  chemistry  has  a  major  effect, 
but  only  as  the  plasma  conditions  produced  by  a  given  laser 
power  are  altered.  However  plasma  conditions  for  CdTe  slightly 
vary  beginning  from  some  given  laser  power.  The  relationship 
between  plasma  conditions  and  elemental  ratios  is  constant. 


References 


1.  D.S.  Simons,  Tnt.  J,  Mass  Spectrom.  Ion  Proc.  55  15  (1983). 

2.  P.K.  Carroll  and  E.T,  Kennedy,  Contemp.  Phys.  ^  61  (1981). 

3.  J.F.  Ready,  Effects  of  High-Power  Laser  Radiation  (Academic 
Press,  New  York,  1971), 

4.  A. Harris  and  E.R.Wallach  in  3rd  Intern.  LMMS  Workshop 
(Antwerpen,  1986),  p. 95-99. 


303 


OPTICAL  STUDY  OF  THE  CdTe  CRYSTALS 
IN  FAR  INFRARED  REGxON  AT  TEMPERATURES  (5  -  500) K 
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ABSTRACT 


The  semiconductors  of  zinc  blend  structure  are  promising 
candidate  materials  for  numerous  experimental  and  theoretical 
investigations.  In  recent  years,  considerable  effort  has  been 
made  to  study  the  lattice  infrared  absorption  spectrum  of  II-VI 
compounds,  renewed  interest  has  been  taken  in  CdTe  owing  to  its 
relatively  high  electro  -  optic  coefficient  in  the  near 
infrared.  In  addition,  its  nonlinear  response  to  two-phonon 
absorption  in  the  infrared  region  is  of  interest  because  the 
material  is  transparent  in  this  spectral  region. 

A  high  quality  CdTe  bulk  crystal  is  a  very  promising 
semiconductor  for  gamma-ray  detectors  operating  at  room 
temperature  [1]  and  is  a  technologically  important  material 
with  applications  in  solar  cells  and  infrared  focal  plane 
technology.  In  the  latter  it  is  an  end-point  constituent  of  the 
HgTe-CdTe  alloy  system,  a  commonly  used  substrate  for  thin  film 
growth,  and  a  promising  passivating  overlayer  for  HgCdTe 
photodiodes.  The  electrical  properties  of  CdTe  are  dependent 
upon  the  growth  method  and  chemical  impurities.  Nominally 
undoped  material  is  generally  insulating  (  resistivity  > 
lo'^  •cm)  with  electrical  properties  controlled  by  deep  trap 
levels  associated  with  native  defects  and  defect-impurity 
complexes.  Added  dopants  may  yield  low-resistivity  n-  or  p- 
type  material  [2]. 

The  CdTe  valence  band  consists  of  heavy  and  light  holes 
which  are  degenerated  in  the  center  of  Brillouin  zone,  /’-point. 
In  this  case  we  can  expect  a  resonant  behaviour  of  dielectric 
function  caused  by  heavy-light-hole  subband  transitions 
V1-»V2  within  valence  band  E^.  It  takes  place  in  the  spectral 
region  corresponding  to  the  crossing  V1V2  with  Fermi  level 
energy . 

The  far-infrared  transmission  (TR)  spectra  were  measured 
with  BRUKER  -  113v  Four ier-transf orm  spectrometer.  The  spectral 
range  was  from  20  to  5000  cm“^  and  the  resolution  was  1  cm~^' 
The  accuracy  for  determination  of  the  TR  coefficient  was  better 
than  0,2%.  All  samples  were  measured  in  the  temperature  range 
of  (4,2  -  500)  K.  The  more  interesting  was  the  fenomena  taking 
place  at  low  temperatures  when  the  electron  system  is  almost 
degenarated  but  we  must  take  into  account  the  finite  charge 
carrier  temperature. 

It  has  been  demonstrated  that  the  consideration  of  the 
influence  of  valence  band  isoenergetic  surface  corrugation 
on  £(ci3)  allowed  us  to  discribe  the  wavelenght  dependence  of 
absorption  coefficient  aCCeJ)  and  to  determine  the  optical 
effective  heavy-hole  /7Z*  mass. 

HH 
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p-type  and  annealed  n-type  crystals,  used  in  this  work  were 
grown  from  Te-rich  melt  by  the  Bridgman  method.  Polished, 
1'1'0,1  cm^  with  resistivity  (0 , 5-2 , 5) • 10^  .fi-  'em,  mobility  (40- 
80)  cm  V  ^s  and  carrier  concentration  -lO-^-^  -  10^°  cm  at 

room  temperature  were  used  in  this  study.  The  polished  surfaces 
were  [111]  faces. 

Figure  1  shows  the  result  of  5K-temperature  optical 
transmission  measurements  on  the  samples  studies.  Samples  with 
low  carrier  concentration  are  more  transparent  in  FIR  up  to 
multiphonon  absorption.  The  second  sample  series  have  strong 
intersection  in  the  region  (500-2000)  cm“^. 

It  is  seen  from  the  figure  2  that,  at  temperatures  T=(5- 
400)  K,  all  curves  of  oC^^cJ.T)  are  crossing  practically  at  one 
point.  At  the  same  time  this  crossing  point  has  displaced 
according  degenerancy  varing.  We  thus  conclude  that  fact  should 
be  associated  with  the  heavy  holes  -  light  holes  interband 
absorption  which  can  be  calculated  according  to: 


(1) 


> 


where  and  are  effective  mass  of  light  and  heavy- 
holes,  correspondently .  In  the  case  of  the  , 
where  Eq  is  the  characteristic  hole  energy:  non¬ 
degenerate  case  (  k  is  the  Boltzmann  constant  )  and  Eq  is  egual 
Fermi  energy  E^  in  degenerate  area  the  image  part  of 
can  be  expressed  as:  fCu>) 


Fig.l.  Transmittance  spectra  of 
high  (2)  carrier  concentration 


the  samples  with 
at  5K  temperature. 


low  (1)  and 
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Here  2 ( Jl )  is  the  integral  of  wave  function  overlapping: 

f  ■  m 

=  ^  /  /-?/  » 

/  - 

n 

rr.r^.rs  are  Luttinger  parameters. 

Note  that  if  we  neglect  the  valence  band  corrugation  and 
if  the  functional  dependence  of  VI  -» V2  absorption 

coefficient  ^  expressed: 


V2 

e  a)  ^ 


Zm, 


-Il 

kT' 


'O'f  ■ 


Here  CO  is  frequency,  ,  ci  is  the  refractive 
index.  We  used  the  approximation  for  the  dependence  of  Ej  on 
T  given  by: 


If  we  take  into  account  that  valence  band  corrugation  will 
lead  to  essential  change  of  high  frequency  edge 
of  Z/n€C<0)  shape. 

On  the  condition  that  Jy 


numerical  calculation  for  E(<0)  shows  that  in  the  case  of 
the  valence  band  isoenergetic  suface  corrugation  holes  are 
excited  from  states  in  the  direction  of  the  quasi-momentum 
corresponding  the  largest  hole  masses. 
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edqe . 

In  Fiq.3  are  shown  the  experimental  transmission  spectra 
of  CdTe  sample  at  various  temperatures.  In  the  presentn 
approach  (eq.4)  we  made  numerical  calculations  usinq  followinq 
values  of  CdTe  crystal  parameters:  =9,0'10~‘'  eV'cm  (the 

matrix  element  of  the  V-  and  C-  zones  interaction)  , , 7  •  itiq  , 
EfQ  =  E  /25.  Here  /rjg  -  is  the  free  electron  mass,  Eq  -  is 

the  band  qap  enerqy.  For  the  above  parameters  we  qot  the  best 
fit  with  experimental  spectra.  In  that  temperature  interval 
Fermi  level  has  taken  followinq  positions:  65  meV  at  T=5K  till 
39  meV  at  T=405K  from  the  valence  band  edqe.  We  noted  that  the 
spectra  crossinq  point  is  displaced  accordinq  variation  at 

(5-400) K.  For  understandinq  the  nature  of  that  physical 

phenomenon  we  must  calculate  free  charqe  carrier  concentration. 
At  300K  we  find  the  heavy  hole  concentration  (HHC)  =  2,63 

lO*^®  cm~^  and  1  iqht  holes  1,42"  10^^  cm”^;  at  78K  this  values 

are:  HHC=1 , 53  •  cm'^  and  8,80'10^^  cm'^,  correspondently .  On 

the  other  hand,  we  can  verify  the  above  result  usinq 
reflectivity  spectra  and  obtained  plasma  frequency 
U) p  meaninq.  It  must  be  equal  66  cm”^  and  2  cm”'-  at 

T=300K  and  T=78K,  correspodent ly .  From  experimental  optica^ 
reflection  spectra  -we  have  found  predicted  by  the  theory. 


Fiq.2.  Calculated  spe.,tra  of  VI  V2  absorption  at  T=‘5K  -  400K. 


The  theoretical  analysis  shows  that  two  crossinq  point;. 
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The  theoretical  analysis  shows  that  two  crossing  points 
must  exist:  the  first  is  described  above  and  the  second  is 
within  spectral  region  Cl)  -350  cm”^.  Our  calculated  results 
agree  quite  well  with  the  experimental  data  from  transmittance 
spectra  of  some  CdTe  samples;  there  are  some  difficulties  in 
that  spectral  region  because  at  the  same  time  multi  phonon 
processes  take  place  here.  So  the  obtained  calculation  results 
are  valid  for  description  the  phenomena  of  far  infrared 
spectral  and  temperature  absorption  coefficient 
dependences  of  crossing  point. 


Fig. 3. The  experimental  transmittance  spectra  of  CdTe 
crystal s . 
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Abstract 

Wec.xaniine  native-defect  rompensation.  solubility  limits,  and  dopant  self-compensation 
in  ZinSe.  Our  results  are  based  on  a  formalism,  using  first-principles  density-functional 
tlieory.  that  treats  dopant  atoms  ami  native  defects  on  an  erjual  footing,  l  or  the  case  of 
acceptor  doping  of  ZnSe  with  Li,  we  liml  that  rompensation  due  to  interstitial  l,i  donors  and 
to  native  donor  defects  tan  be  reduced  to  a  tolerable  level  by  carefully  adjusting  tlie  growtli 
conditions.  more  serious  impediment  to  l.i  doping  comes  from  Ibe  solubility  limit  of  I.i  in 
ZnSe. 


1.  Introduction 

Wide-band-gap  semiconductors  have  important  optoelectronic  ai>plications.  ZnSe  (E^ 
=  '2.(1  eV),  for  example,  can  be  used  to  make  a  blue  semiconductor  laser.  (Jrealer  use  of 
tvide-band-gap  materials  lias  been  hampered  by  doping  tiillicullies:  very  few  wide-band- 
gap  semiconductors  can  bo  dop<-d  both  n-type  and  p-type.(l.  2.  5]  E'or  instance.  Zn  le  and 
diamond  can  be  doped  p  type  much  more  easily  tban  n-type,  wbib'  other  wide-band-gap 
materials  can  be  readily  made  n-type  but  not  p-type.  In  spile  of  recent  ri'porls  of  well- 
conducting  p-type  ZnSe.(  l,  5)  the  causes  of  the  doping  problems  remain  unclear. 

In  the  past,  native-defect  compensation  was  the  most  widely  accepted  explanation  of 
the  doping  problems  in  wide-band-gap  s<'mironduclors.(0,  7j  .According  to  the  native-defect 
mechanism,  when  acceptors  are  ailded  to  ZnSe.  the  dopants  are  compensated  by  the  sponta¬ 
neous  formation  of  native  donor  defects.  The  energy  cost  to  form  the  native  defects  would  be 
offset  by  the  etuTgy  gained  when  electrons  are  transferred  from  the  donor  levels  of  the  native 
defects  to  the  Fermi  level  (which  is  near  the  valence  band  in  p-lype  material).  If  Ibe  nati'c 
donor  defect  levels  are  near  the  conduction  band  edge,  then  the  energy  gained  by  election 
transfer  would  almost  equal  the  width  of  the  band  gap  (Fig.  1).  (’onsequenlly.  native  defei  I 
compensation  wouhl  become  more  likely  as  the  band  gap  i.s  increa.sed.  n-lype  doping  of  Zn  1  e 
and  diamond  would  be  compensated  by  native  acceptor  defects  that  transfer  their  holes  to 
the  donor  dopants.  The  appeal  of  native  defect  compensation  is  its  universality  it  applies 
to  all  wide-band-gap  materials,  all  growth  methods,  and  all  dopants.  Were  the  native  defect 
picture  correct,  there  would  be  little  room  for  optimism  about  the  do|iing  of  wide  band  ga[) 
materials:  compensation  would  be  a  fundamental  thermoilynamic  process  that  would  be 
almost  impossible  to  avoid. 

We  present  a  theoretical  investigation  of  native-defect  compensation  in  ZnSe.  Fsing  first 
principles  pseudopotentials  and  density  functional  tliTOry,  we  calculate  the  total  energies  of 
all  native  point  defects  in  ZnSe.  The  total  energies  are  used  to  determine  defect  conren 
trations  as  a  function  of  the  chemical  environment  and  the  Fermi  level.  We  find  that  only 
minute  concentrations  of  native  defects  are  induced  in  stoichiometric  p-type  ZnSe.  Poor 
(oiilrol  of  stoichiometry  could  lead  to  signilicant  concentrations  of  compensating  defects. 
•Some  of  I  hese  results  were  piiblisliecl  previously. [8]  The.se  results  are  good  news  in  I  hat  I  hey 
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Conduction  hand 


— : — 

I  Native  defect  level 


Fermi  level 


V^alence  })and 


I' idlin'  1:  Native  defe'ct  coinjx'iisat ion  in  a  p  type  somiroiulnctor.  Ar<or«ling  to  the  native* 
defect  mechanism,  native  donor  defects  are*  f<>rm<*d  in  \vi<le-l)an<i*^ap  semiconductors,  riiese* 
defects  gain  l)ack  much  of  tlieir  etiergy  of  formation  by  transferring  e'h'ctrons  from  deh'ct 
levels  near  the  conduction  hand  to  the  Fermi  level  near  the  valence*  band.  Ti»e  energy  gain 
dtie  to  electron  transfer  can  be  of  the  order  of  tlie  band-gap  energy. 

show  that  it  is  possible,  in  [irinciple,  to  proeluce  well-conduct ing  p-type*  Zn.Se.  liul  iht'y  still 
do  not  explain  why,  in  practice,  it  is  hard  to  make  p-type  ZnSe. 

To  examine  this  cpiestion,  we  go  beyoml  the  results  for  native  (h’fects  in  /.nS(’  and  ('xam- 
ine  the  behavior  of  sp<*ciric  doping  systems.  We  study  the  doping  of  ZnSe  with  bi  acc('))tors. 
using  a  formalism  that  applies  our  first -principles  calculations  to  both  the  native  defects  and 
the  dopant  atoms.  With  this  formalism  we  address  three  potential  prol)l4'ms:  (1 }  compt'n- 
sation  of  suhstitutional  \a  acceptors  hy  interstitial  la  donors.  (2)  compensation  l)y  native 
def<*rts  caused  hy  deviations  from  stoichiometry,  and  (3)  the  solubility  limits  of  I.i  in  ZnSe.[:^] 
Our  results  show*  tfiat  interstit  iai  Id  and  native  defe<  (  rompen.sation  are  no!  a  serious  pr^^h- 
lern  when  growth  con<iitions  are  optimized.  Solubility  limits,  liowrver.  limit  the  total  l,i 
roncentration  to  tlie  10*®  10*^  cm“^  range. 

2.  Thermodynamic  Formalism 

In  this  section  wr  present  a  thermodynamic  formalism  that,  using  the  results  of  first- 
principles  total-energy  calculations,  d<*lermines  defect  and  dopant  concentrations,  the  Fermi 
level,  and  dopant  solnhiiities,  as  a  function  of  the  growth  co!Klilion.s.  fhe  concentrations 
<jf  native  defects  in  a  coniponiui  semiconductor,  and  of  dopants  in  any  s<*mirondu(  tor.  ar** 
a  function  not  only  of  the  semiconductor  system  itself,  but  also  of  the  surrounding  envi¬ 
ronment.  The  formalism  provides  a  quantitative  way  of  <iealing  with  these  environmental 
effects.  Although  we  apply  it  here  to  the  specific  case  of  Id  in  ZnSe.  the  formalism  is  general 
and  ran  he  applied  to  any  dopant  and  host  semiconductor. 

d  he  strength  of  the  formalism  is  that  it  treats  botli  tlie  native  point  defects  and  the 
dopants  on  an  e(jnal  fo<iting.  We  will  give  a  precise  definition  of  the  formation  energies 
for  <Iefects  and  dopants  and  show  how  they  depend  on  the  chemical  environment,  using  l>i 
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(lo[)ing  of  ZfjSc  as  a  concrviv  oxaniplr.  total  eiKTgies  of  both  iiat  jvr  arjd  clopaiii  dofc'cts 
aro  calculatod  using  a  suprm'll  approach,  using  separate  calculations  for  each  charge  stal<‘ 
of  each  defect. 

While  the  total  energies  of  a  defect  supercell  can  he  calculated  directly,  delerinining 
def(>rt  formation  energies  is  more  complicated.  Formation  energies  depend  on  I  he  n  l.ilive 
abundance  of  Zn,  Se,  and  Li  atoms  in  the  environment.  Thes<*  dependences  are  handhvl  by 
introducing  the  chemical  potentials  of  Zn,  Se,  and  Li:  ///„,  ^nd  Tlie  Zn  chemical 
potential  is  the  energy  of  a  reservoir  of  Zn  atoms  in  etpjilibrium  with  the  system.  Zn  atom 
states  with  energy  more  than  a  few  below  fi^n  will  he  filled,  while  those  more  than  a 
few  kfiT  above  will  be  empty.  Thus  a  high  value  of  /i2„  will  correspond  to  a  Zu  rich 
environment,  and  a  low  value  to  a  Zn*poor  environment.  I'lie  formation  energies  of  the 
native  defects  are  also  functions  of  the  Zn  ami  Se  chemical  potentials.  For  example,  laismg 
the  Zn  chemical  potential  lowers  the  formation  ^'nergies  of  d<*fects  that  'nlrodiice  e.vcess  Zn 
atoms,  such  as  Zni  and  V^n.  I'he  formation  energies  of  Li  impuril  ies  will  be  a  function  of  t  he 
Li  chemical  potential,  as  well.  For  ciiarged  defects,  the  formation  (*nergy  will  also  depend 
on  the  Fermi  level,  F/. ,  which  is  the  chemira!  potential  for  the  ('lectrons.  It  is  important  to 
imderstaml  that  y/7,,  and  are  tiot  intrinsic  properties  of  ZnSe;  tlnur  values  will  change  as 
the  environment  changes.  Foi  example,  ZnSe  in  ecpiilihrium  with  Zn  nu'tal  will  have  a  higlu*r 
H2u  t  han  ZnSe  in  eqiiibor'  ini  with  hulk  S«‘.  However,  p/,,  and  pse  are  not  indt'pondent  of  one 
another:  they  arc  constr<i'ncd  by  tlie  condition  that,  in  ecpiilihrium.  their  sum  rnns't  ecpial 
the  total  energy  of  a  two-atom  unit  of  perfect  ZnSe,  F’znSe  =  hv.n  +  total 

energy  of  a  perfect  ZnSe  cell  at  T  =  0  K  for  /'’z„se-) 

Given  the  chemical  potentials,  tl\e  formation  energy  of  each  native  defect  is  well  defined 
and  can  be  derived  from  a  supercell  calculation  as  follows.  The  total  energy.  of  the 

i»t»  (h'focl.  Di,  is  calculated  using  a  supercell  containing  nf"  Zii  atoms,  Se  atoms,  ami 
Li  atojns.  The  d<‘fcct  formation  <‘tiergy.  /v/.>rm(l), ),  is  then 

/'I..  -  (1) 

=  5(l)i)  -  -  "I  '/'U  - 

£(1),]  =  /w(Di)  -  «r-/-;7„s..  (■-') 

wlicrc  11'  is  tlif'  cliargc  state  of  tlie  defect,  and  An,  is  the  inimher  of  extra  Zn  atoms  that 
must  be  added  to  form  tlie  defect  (+1  for  Zni  and  Vs„  -2  for  Sez„.  etc.).  Here,  we  treat  /i/,, 
as  an  independent  variable  and  remove  ps.  from  tlie  expression  for  l^i)'  alternatively, 

we  conUl  treat  psc  i’s  independent  and  eliminate  /i/,,.  In  terms  of  its  formation  energy  and 
entropy.  Si,  each  defect's  etpiilibrinm  concentration  is 

[Hi]  =  (:i) 

where  .'Vsitos  is  the  site  concentration  for  each  .species,  which  is  2.2  x  10^^  cm”^  for  ZnSe.  I  In* 
Fermi  level  is  determined  by  (he  charge  conservation  condition: 

Net  charge  =  0  =  />  —  r?  —  ^  nJ'(J)i].  (1) 

where  p  and  n  are  the  hole  and  electron  densities,  respectively,  d  he  charge  conservation 
ecpiation  provides  for  an  indirect  iuteraclion  between  the  concciitratioiisof  all  charged  defects 
through  their  influence  on  the  Fermi  level.  For  example,  a  positively  charged  defect  produces 
extra  free  electrons  that  raise  the  Fermi  level;  the  higher  Fermi  level,  in  turn,  im  r<‘as('s  the 
( onciMit  rations  of  all  negatively  charged  d<’fects  and  lowers  the  eoneentrat  ions  of  all  positively 
eijarged  defects,  l/sirjg  tfiis  prescription,  all  of  the  defect  formation  energies,  ami  hence  tlieir 
concf'nt rations,  [Dj),  are  nni(|ue  functions  of  pz„,  p^i,  and  /’. 
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1 1)0  vahio  of  //Xn  <l<*toriMinos  th«'  sloirhionietry  parainotcr,  A  : 

^  iVs.-:Vz..  -E.A».[n,] 

A's.  +  iVz„  ’ 

wluTo  Ax„  and  A^se  total  nunibors  of  Zn  and  Sc  atoms  in  the  crystal.  is  positive' 

for  Se-rich  and  negative  for  Zn-rich.  In  this  equation,  A'^  refers  only  to  the  contributions 
lu  the  ^tu)ciiioiiieti>  due  tu  native  point  defects*.  Deviation.'*  from  stoic  hioint  li  v  due 
liigher  dimensional  defects,  such  as  surfaces,  arc  not  included.  Also,  dopant  atoms  do  not 
contribute  to  A',  (i.e.,  a  substitutional  dopant  atom  is  counted  as  if  it  were  the  same  si)ecies 
as  the  native  atom  that  it  replaces)  because  the  process  of  substituting  a  dopant  does  not 
necessarily  create  any  native  defects.  This  definition  of  A'  means  lliat  the  value  of  the 
stoichiometry  parameter  measured  in  experiment  w’ill  differ  from  A"  as  defined  here  if  the 
former  is  dominated  by  anything  other  than  the  native  defects. 

d  he  formalism  llius  far  provides  us  with  information  about  the  Fermi  level  and  the 
concentrations  of  botli  native  and  dopant  defects.  Thormoclynamics  also  provides  limits  to 
the  allowed  values  of  the  chemical  potentials.  1'hcsc  limits  determine  the  .solnhility  of  the 
dopant  in  t  he  fiost  somiconductor.p)]  The  limits  exist  because  two  phases  of  t  lx*  same  material 
can  exist  in  eqnilifirium  only  if  the  chemical  |)Otontial  is  tlie  same  in  both  phases.  Thus, 
in  equilibrium,  must  be  the  same  in  l)oth  the  ZiiSe  and  the  extc'inal  Zn  source.  The 
chemical  potential  of  the  externa!  Zn  source,  liowcver,  can  never  exceed  the  free  energy  of 
bulk  Zn  metal,  if  it  did,  the  external  source  would  be  unstable  against  llu'  formation  of 
Zn  metal,  d'lius,  //*/„  S  /^xn***-  Similarly,  the  limit  for  the  Sc  chemical  potential  is  //sr  < 

As  already  mentioned,  we  liave  tlio  ad<litional  constraint  that 

+  //S,  =  IhnSr  =  +  A///(ZnSe),  (6) 

wlicre  A///  (ZiiSo)  is  tlif  heat  of  formation  of  ZnSc  (A///  is  nogativc  for  a  stal)lr  compoiitul). 
fonibiiiiiig  tliosf  tiiroo  coiulitioiis  sols  iho  limits  for  tlio  allowed  range  of  /ezie 

/'z.',"  =  /'zlf  +  A//;(ZnSe)  <  =  /'zf-  (') 

The  same  argmneiits  provide  an  upper  hound  for  the  hi  ehemiral  potential:  pi.i  < 

(Since  ZtiSe  can  exist  in  a  Li-free  environment,  there  is  no  lowt-r  hound  to  the  hi  potential.) 
However,  a  more  stringent  upper  hound  for  pi,;  is  found  by  taking  itilo  account  all  possible 
compounds  that  contain  hi  with  either  Zn  or  Se  (or  both).[9|  'I’he  actual  upper  hound  is  due 
to  the  compound  hi2Se.  which  leads  to  the  eondition 

2pi„  +  psc  <  /'Luse  =  +  //!;;'"■ -t-A//;( hi^Se).  (S) 

riiis  condition  on  the  Li  chemical  potential  limits  tlie  maximum  Li  concentration  in  ZnSe 
because  it  provides  a  minimum  value  for  the  Li  dopant  formation  energy  in  Fq.  (3).  Pliys- 
ically,  this  solubility  limit  occurs  becau.se  the  configurational  entropy  for  Li  impurities  in 
ZnSe  depends  on  tlie  number  of  Li  atoms  already  present  in  the  crystal,  as  the  total  number 
of  Li  atoms  in  the  crystal  increases  from  tn  to  w  +  I,  the  number  of  ways  to  distribute  the 
Li  atoms  over  A'  sites  decreases.  Fins  configurational  entropy  is  not  inchnled  in  S,  dt'fined 
prt'viously.  (S(’e  Ref.  (10]  for  a  fuller  discussion  of  the  configurationalentropy  and  liow  it  can 
be  used  to  derive  Kq.  (3).)  Consequently,  the  total  free  energy,  including  the  configurational 
entropy  change,  for  adding  one  more  Li  atom  to  the  crystal  decreases  as  the  Li  conc('ntration 
iiK  r<’ases.  My  contrast,  the  free  energy  of  ad<ling  one  more  unit  of  Li^Se  is  independent  of 
the  amount  of  Li2Se  already  present  (Ignoring  surface  effects).  When  tin*  total  free  energy 
of  adding  one  more  Li  atom  to  the  ZnSe  crystal  exc<'e<ls  the  fri'e  energy  to  form  Li^Sc',  Id^Se 
will  form  instead  and  the  .solubility  limit  is  reached. 
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3.  Methods 

III  this  section  we  describe  the  theoretical  methods  used  to  calculate  total  energies.  First, 
a  word  of  caution:  although  the  defect  formation  energies  calculated  here  are  accurate, 
with  error  bars  ~  0.1  eV,  the  defect  ronccn/ra/ion.s  derived  from  them  do  not  attain  the 
same  level  of  accuracy.  Because  the  concentrations  depend  exponentially  on  the  energies, 
a  0.1  eV  uncertainty  in  the  latter  becomes  a  seven  fold  multiplicative  factor  in  the  former. 
This  inhe:\.nt  liiiiitaticu  means  that  our  results  should  be  viewed  not  as  piecl..e  iiuuiciical 
predictions,  but  as  predictions  of  the  important  physical  processes  and  trends. 

Onr  calculations  use  density-functional  theory  in  the  local-density  approximation  (LD.\) 
and  norm-conserving  pseudopolentia!s.[l  1,  12|  Supercells,  corresponding  to  .'!2  atoms  of  pure 
ZnSe,  are  used  to  represent  the  defects.  These  methods,  combined  with  a  plane-wave  basis 
set.  have  been  used  very  successfully  in  the  past  for  studies  of  defects  in  Si  and  other 
semiconductors.  The  11-V'l  materials,  however,  present  a  problem  for  these  methods:  zinc 
contains  a  tightly  bound  set  of  :1<I  electrons  that  cannot  be  easily  represented  by  a  plane-wave 
basis  set.  These  d  electrons  may  be  treated  as  core  states  of  the  pseudopotential,  but  this 
results  in  a  very  poor  description  of  ZtiSe.  For  example,  the  lattice  constant  calculated  with 
a  ■'d-in-the-core’'  pseudopotential  is  5.19  .A  comparerl  with  the  experimental  lattice  constant 

of  5.67  A. 

To  treat  the  d  elections  as  valence  states,  we  u.se  an  all-new  mixed-basis  program,  which 
cotnbines  localized  functions  with  the  plane  waves.  The  program  was  carefully  optimized, 
allowing  defect  calculations  in  large  siipercells.  VVe  use  the  Zn  3d  jxsendo-wave  functions  as 
the  localized  basis  fimclions.  atid  include  all  plane  waves  up  to  a  kinetic  enerev  cntolf  of 
9  By.  (  The  eigenvalue  problem  was  solved  using  an  iterative  diagonalization  scheme.[13l) 
For  our  calculatiotis  involving  Li.  we  implemented  a  nonlinear-core  correction  to  the  Li 
p,seiidopotential.(M]  These  methods  provide  a  good  description  of  the  lattice  constant,  bulk 
moduhts,  and  transverse  optical  photion  frequency  of  ZnSe  (and  other  materials).  Conver¬ 
gence  tests  were  performed  for  supercell  size,  the  basis  set  and  other  calculational  parameters, 
assuring  that  our  results  are  well -con verged. 

Dcnsity-futictional  theory  used  with  the  LD.A  consistently  predicts  batul  gaps  that  an' 
too  small  compared  with  experiment.  For  ZnS<‘,  our  calculated  band-gap  is  about  1  e\  .  1  his 
batid-gap  error  will  affect  formation  energies  of  defects  that  haveoccupied  electron  states  in 
the  band  gap.  The  band-gap  error  will  not  affect  our  results  for  p-tvpe  material,  where  the 
Fermi  level  is  near  the  valence  band  edge,  because  defect  states  in  the  gap  will  be  empty 
and  will  not  contribute  to  the  total  energy  of  the  defect. 

We  use  these  methods  to  calculate  the  formation  energies  of  all  native  point  defects  in 
ZnSe:  two  types  of  ititerstitials  (Ziij  and  Scj),  two  types  of  vacancies  (Vz,,  and  \s,  ).  and 
two  tvpes  of  antisites  (Zn.s,  atid  Se-z„).  In  addition,  we  calculate  the  formation  energies  of 
Li  impurities  on  the  substitutional  zinc  site  (Lizn)  and  at  five  different  interstitial  sites  (Lii). 
Of  the  interstitial  sites  we  examined,  the  tetrahedral  site  surrounded  by  four  Se  atoms  has 
the  lowest  energy,  and  we  include  only  this  site  when  referring  to  interstitial  Li.  I  he  total 
energy  of  each  defect  was  calculated  in  each  relevant  charge  state,  except  for  the  neutral 
Liztn  which  contains  a  hole  iti  a  shallow  level.  (7'his  level  merges  with  tin*  valeiici'  band  in 
our  finite  supercell  calculation.)  The  formation  energy  for  the  neutral  Li-/,,  is  derived  from 
the  calculated  value  of  Lizn  in  the  —1  charge  slate,  and  the  experimental  transition  level  of 
1 11  meV. 

riie  formation  energy  of  a  defect  may  be  lowered  by  the  relaxation  of  nearby  host  atoms 
from  their  perfect  crystal  sites.  VVe  calculate  relaxation  energies  explicitly  for  the  dominant 
native  defects  in  n-type  ZnSe,  and  for  the  substitutional  and  interstitial  Li  defects.  For 
interstitial  defects,  we  relax  the  first  anil  second  nearest-neighbor  atoms  and  also  the  fourth 
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noarosl,  neighbors  that  are  baii<ie<!  <iirerlly  to  the  first  nearest  neighbors.  For  snbsl it utional 
defects  we  relax  the  first  nearest  neighbors.  All  of  these  relaxations  are  small:  the  largest 
relaxation  that  we  found  was  0.‘2  A  with  a  relaxation  energy  of  O.G  eV.  For  the  remaining 
defects,  we  assume  a  relaxation  energy  of  1  eV;  our  conclusions  remain  unchanged  even  if 
we  allow  a  2  eV  relaxation  energy. 

Defect  concentrations  will  also  depenil  on  the  formation  entropy  of  the  defect.  In  our 
work  we  allow  a  range  of  0“1 0  kn  for  the  defect  formation  entropies.  liy  compaii.son.  a  recent 
accurate  ralculation[1.5,  16]  for  the  Si  self-interstitial  found  a  formation  entropy  of  .6-6  i'B  for 
the  ground  state.  I’hc  Si  self-interstitial  represents  an  extreme  case  in  that  the  ground-state 
configuration  has  low  symmetry,  which  accounts  for  half  of  the  formation  entropy.  It  is 
therefore  highly  unlikely  that  the  entropies  for  native  defects  in  Zn.Se  could  be  larger  than 
10  A'b-  The  results  arc  presented  here  assuming  an  entropy  of  .5  Fh- 

We  use  the  same  theoretical  techniipies  to  calculate  the  energies  of  the  bulk  solid  phases 
of  Zn.Se,  Zn,  Se,  Li  and  Li^Se.  We  calculate  the  heat  of  formation  for  ZnSe  as  —1.39  eV’. 
while  the  experimental  value  is  —1.69  eV.(l7]  For  Li2Se  we  find  —4.12  eV.  compared  to  the 
experimental  value  of  —3.96  cV.[17]  The  deviations  are  in  line  with  the  expected  accuracy 
of  the  methods  and  arc  comparable  to  tho.se  found  in  other  local-density  calculations.  (.\ot<' 
that  the  heats  of  formation  are  energy  dilferences  between  solid  phases.  Cohesive  energies, 
by  contrast,  arc  energy  differences  between  isolated  atoms  ainl  the  solid  phase.  Since  the 
l.D.A  gives  wor.se  predictions  for  the  total  energies  of  individual  atoms,  calculated  cohesive 
energies  contain  systematic  errors  which  do  not  occur  for  heats  of  formation.)  Throughout 
this  work,  we  will  use  the  theoretical  values  for  the  heals  of  formation. 

4.  Native  Defects 

In  this  .section  we  will  answer  the  rpiestion.  “Do  native  di’fects  automatically  compensate 
acceptor  doping  of  ZnSe?”.  The  native  defect  mechanism  is  by  its  very  nature  generic:  it 
claims  that  compensation  occurs  whenever  the  Fermi  level  is  brought  close  enough  to  the 
valence  band  edge,  irrespective  of  the  dopant.  To  test  this  idea,  we  picture  a  ZnSe  crystal 
doped  with  an  “ideal”  acceptor,  by  which  we  mean  an  acceptor  that  fixes  tin'  Fermi  level 
without  changing  the  crystal  in  any  other  way.  (In  the  next  section  we  will  examine  a  real 
acceptor  in  ZnSe.)  As  discussed  in  Section  2,  the  external  parameters  that  determine  native 
defect  concentrations  are  the  temperature,  T.  the  Zn  chemical  potential.  /iz„.  and  the  Fermi 
level,  Ey.  Throughout  this  article,  we  will  use  T  =  600  K,  the  ly|)ical  temperature  for  MDF 
growth  of  ZnSe.  We  will  use  our  “ideal”  dopant  to  fix  the  Fermi  level  at  0.13  e\’  above  the 
valence  band  maximum,  corresponding  to  a  net  hole  concentration  of  p  =  2.9  x  10'"  cm”’. 
Having  fixed  the  temperature  and  hole  concentration  in  our  ideal  sample,  there  is  only  one 
external  parameter  that  is  still  undetermined:  the  zinc  chemical  potential,  pzn-  which  is 
determined  by  the  growth  environment.  (.As  discus.sed  in  Section  2.  we  could  equally  well 
use  /Is,  as  the  independent  parameter  instead  of  /izn-  since  the  two  chemical  potentials  are 
constrained  by  /fznS,  =  t‘7-n  +  Os,  ) 

Figure  2  shows  the  concentrations  of  eh-ctrons  produced  by  all  native  defects  in  p-type 
Zn.Se,  as  a  function  of  /;•/„.  In  the  figure  /ez„  spans  its  thermodynamically  allowed  range 
from  ZnSe  in  ecpiilibrium  with  bulk  Se  on  the  left,  to  ZnSe  in  eipiilibrium  with  bulk  Zn 
on  the  right  (E(|.  7).  The  stoichiometry  parameter,  .V,  is  determined  by  iiy„  (Kq.  .')),  In 
Fig.  2,  //'Zn  =  /tj.„  corresponds  to  perfect  stoichiometry;  all  points  to  the  left  are  Se-rich. 
and  those  to  the  right  are  Zn-rich.  We  see  that  for  perfect  stoichiometry  the  concentrations 
of  native  defects  is  negligibly  small  10*  times  smaller  than  the  liole  concentration  p.  For 
material  grown  at  temperatures  higher  than  600  K,  excess  native  defects  will  recombine 
during  cooling,  unless  the  sample  is  rapidly  quenched.  (Native  defects  in  ZnSe  remain  mobile 
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Figure  2:  Concentration  of  electrons  produced  by  all  native  point  defects  in  p-type  ZnSe. 
with  p  =  ‘2.9  X  10'®  cm'®  and  T  =  600  K.  Concentrations  are  shown  as  a  function  of  the 
chemical  potential  pza  over  its  thermodynamically  allowed  range.  The  lower  limit  of  tiZn 
1  left-hand  axis)  corresponds  to  ZnSe  in  equilibrium  with  bulk  Se.  the  upper  limit  (right- 
hand  axis)  to  ZnSe  in  equilibrium  with  bulk  Zn.  The  point  labelled  pza  corresponds  to 
perfectly  stoichiometric  ZnSe;  points  to  the  left  are  Se-rich.  to  the  right  Zn-rich.  SeJ^  is  the 
dominant  defect  on  the  Se-rich  side,  and  Zn*"^  on  the  Zn-rich  side. 


even  at  temperatures  of  400  K,[18J  so  that  kinetic  barriers  do  not  prevent  the  attainment  of 
thermal  equilibrium.) 

Native  defect  concentrations  start  to  increase  as  pza  deviates  from  with  SeJ^  the 
dominant  defect  for  pza  <  Mzn-  a.nd  Zn;'"  the  dominant  defect  for  pzn  >  Pzx,-  It  ‘s  clear  from 
the  figure  that  native  defect  compensation  can  only  occur  for  extreme  values  of  pza,  near 
the  Unfit  where  either  bulk  Zn  or  bulk  Se  are  formed  in  the  sample.  For  these  extreme  cases, 
the  level  of  compensation  by  native  defects  is  20%  for  p^  and  70%  for  Mz?*-  (To  keep  p  at 
2.9  X  10'®,  the  ionized  acceptor  concentration  must  be  increased  to  3.6  x  10'®  for  pgj”.  and 
to  9.7  X  10'®  for  Pz^’.)  Using  Eq.  (5),  we  find  that  the  deviation  from  stoichiometry  due  to 
native  defects  is  .Y  =  2  x  10'®  for  p^,  and  X  =  — 8  x  10'®  for 

These  results  show  clearly  that  compensation  by  native  defects  is  not  an  intrinsic  problem 
for  p-type  ZnSe.  For  stoichiometric  material  native  defect  concentrations  are  truly  negligible; 
even  when  deviations  from  perfect  stoichiometry  occur,  the  level  of  native-defect  compen¬ 
sation  is  less  than  3%  over  more  than  80%  of  the  allowed  range  of  the  chemical  potential. 
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Fuitln'i'  iiisiglil  inlo  (lie  relationship  hetwj'en  the  width  of  the  hand  gap  and  iiative-defi  i  t 
rompciisation  can  he  gained  hy  comparing  the  energies  of  the  native  defects  in  ZnSe  (  -  2.0 

eV)  and  in  GaAs  =  1.35  eV).  Zhang  and  Norlhrup[ll)]  recently  calculated  the  formation 
energies  of  native  defects  in  (la As,  using  similar  theoretical  techniques  to  those  used  here. 
Their  calculated  formation  energies  for  the  dominant  native  defects  in  p-type  GaAs,  with 
the  Fermi  level  at  the  valence  hand  ma-vimiim  (first  panel  of  Fig.  2  in  Kef.  [10]),  are  —0.25 
eV  for  Asf,+  i,i  the  As-rich  limit,  and  0.55eV'  for  Ga;’^  in  the  Ga-rich  limit.  Our  own  results 
for  p-type  ZnSe  are  0.57  eV''  for  SeJ,^  in  the  Se-rich  limit,  an<l  0.15  eV  for  in  the  Zu  rich 
limit.  The  native  defect  formation  energies  are  no  greater  in  ZnSe  than  they  are  in  Ga.As. 
We  conclude  that  a  wider  hand  gap  does  not  imply  more  native  defer  Is.  .Also,  since  (  !a.\s 
can  he  doped  p-type  without  compensation  hy  the  native  defects,  the  same  shoidi!  he  true 
for  Zn.Se. 


5.  Li  in  ZnSe 

Having  eliminated  natire  defects  as  a  generic  source  of  compensation  in  wide  hand-gap 
materials,  it  is  fruitful  to  irientify  prohlems  associated  with  specific  dopants.  Wi-  will  now 
exandne  the  case  of  acceptor  doping  of  ZnSe  with  Li-/,,.  Recently,  significant  progress  has 
been  made  with  Id  doping  of  ZnSe.  hut  the  maximum  hole  concentration  altaiiu'd  to  date 
is  a  few  times  10''  cm"’. [20]  It  is  unclear  what  makes  Id  doping  .so  dilficnlt. 

We  examine  the  issue  of  Id  doping  using  the  formalism  of  Section  2  and  the  calculated 
formation  energies  for  tlie  native  defects  and  for  interstitial  and  substitutional  l.i.  The 
formalism  automatically  includes  all  possible  defect  reactions  between  Id  and  the  native 
defects.  I'urthcrmore.  it  includes  the  effects  of  the  relative  ahnndance  of  Zn  ami  .Se  atoms 
and  the  solubility  limit  Id.  The  results  for  Id  and  for  other  acceptors  in  ZnSe  are  discussed 
in  more  detail  el.sewhere.[2l| 

In  the  previous  section,  which  dealt  with  the  native  defects  alone,  the  two  indepenilent 
parameters  were  pzn  and  /•-V-  In  this  section,  where  the  pre.sence  of  the  Id  dopants  is 
considered  explicitly,  TV  is  no  longer  an  independent  parameter  hecau.se  it  is  determined 
hy  the  charge  conservation  condition  (Rq.  1).  Fermi  level  effects  are  still  important  hecau.se 
tliey  allow  the  charged  native  defects  and  Id  impurities  to  affect  one  another  through  their 
mutual  effect  on  Ff. .  Although  we  have  now  eliminated  TV  as  an  inde|)<'ndent  variable,  we 
must  introduce  the  Li  chemical  potential,  /q.j,  as  a  new  second  variable.  When  appivin.g  t  hi' 
formalism  to  Id  in  Zii.Se.  we  provide  as  input  the  values  of  ^(1),)  for  all  of  the  native  defects 
and  the  Id  impurities,  and  the  relevant  range  of  fiz„  and  In  return  we  get  the  formation 
energies  and  concentrations  of  each  defect  and  the  Fermi  level,  each  as  a  two-diinensioual 
function  of  the  chemical  potentials.  .Since  a  vast  amount  of  information  is  produced,  we 
present  only  the  most  relevant  cjuantities. 

In  Fig.  3(a)  and  (b),  we  display  contour  plots  of  the  total  Id  concentration.  [I.ij.  and 
the  Fermi  level.  [Li]  increases  with  increasing  pi.i  because  it  is  more  favorable  for  the  id  to 
dissolve  in  the  semicondui  tor  as  the  energy  of  the  Li  reservoir  rises.  Also,  [Id/,,]  increases 
with  decreasing  p/,,,  which  is  the  energy  of  the  reservoir  to  which  Zn  atoms  are  removed  in 
order  to  accommodate  the  Li.  The  concentration  of  Li;,  on  the  other  hand,  does  not  depend 
explicitly  on  /(•/„.  Therefore,  for  high  pz„  (Zn-rich  environment)  Li;  is  favored  relative  to 
Li/„.  The  presence  of  compensating  Idj  rai.ses  T'f  in  the  upper  part  of  the  figure,  and  makes 
the  material  semi-insulating,  Gompensation  hy  Lij  can  he  avoided  by  lowering  /i/,,,  which 
favors  Li'/n  over  Lie  Ih'l  'f  /'Zn  lowered  too  far,  the  concentration  of  compensating  Se-/,^ 
begins  to  increase.  This  is  why  the  Fermi  level  contours  bend  hark  at  the  bottom  of  Fig.  '((h). 
It  is  otdy  for  these  very  low  values  of  /(/„  that  the  native  defects  play  an  important  role, 
Gornparing  to  F’ig.  2,  we  see  that  the  native  defect  concentration  ordy  becomes  significant 
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Figure  3:  The  behavior  of  Li  in  ZnSe  at  600  K.  Results  are  in  the  form  of  contour  plots 
as  a  function  of  the  Li  and  Zn  chemical  potentials,  nza  and  /it,;.  Part  (a)  shows  contour 
lines  for  logio[Li],  where  [Li]  is  the  total  Li  concentration  (cm~^),  including  both  Lizo  and 
Li;.  Part  (b)  shows  the  Fermi  level  contours  in  units  of  eV,  measured  from  the  valence  band 
maximum.  The  two  solid  horizontal  lines  are  the  thermodynamic  limits  of  fizn  due  to  bulk 
Zn  f/i™“)  and  bulk  Se  (pzli").  The  solid  slanted  line  is  the  limit  of  /lu  due  to  Li;Se. 
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when  /<7„  roaches  its  tluTnuxIynainic  limit  /i'",*".  (Figure  2  also  shows  tlia’  native  defect 
conc<*ntrations  will  he  large  for  /<7„  near  /i-j',?*-  I'liis,  however,  applies  only  when  /',/.  is  near 
the  hand  edge:  in  Fig.  3  Ky  is  far  from  the  valence  hand  near  fiy_„  =  C’ons(‘quent  ly, 

the  native  defects  are  not  important  when  p/n  is  idgh  in  ZnSe:Li.)  We  can  therefore  expert 
a  small  amount  of  compensation  due  to  native  defects  near  the  line  in  the  figure,  l  liis 
compensation  is  not  an  effect  of  the  native  defects  themselves,  hut  instea<i  occurs  hecause 
the  Zn  chemical  potential  must  he  reduced  so  as  to  increase  [Lizn]  ^^nd  decrease  [hij].  If  we 
could  fiiul  a  dopant  that  couhl  he  incorporated  without  having  to  j)ush  ///„  to  its  extreme 
values,  then  the  native  defects  would  not  appear  at  all. 

Figure  3  also  shows  the  thermodynamic  limits  of  the  chemical  potentials  ///„  and  iti, 
(Kqs.  7  and  8).  These  hounds  meati  that  the  Li  soluhility  limit  in  ZnSe  is  a  few  times  lU*^ 
cm”  h  d  he  lowest  value  of  Ey  (most  effect  p  type  <loping)  is  about  0.13  e\*.  and  occurs  near 
the  point  labelled  /^Lj  in  Fig.  3.  In  this  region  there  is  a  small  concent  rat  ion  of  interstitial 
Li  and  compensating  native  defects.  Ihit  doping  limits  impo.serl  by  interstitial  Li  or  native 
defects  can  lie  avoidtxl;  it  is  soluhility  that  presents  the  most  stringent  limit  to  Li  doping. 


6.  Summary 

In  conclusion,  we  have  shown  that  native  defects  alone  cannot  he  responsibh*  for  tliffi- 
cultios  in  doping  ZnSe.  Native  defect  concenlralions  in  MBE-grown  stoichiometric  ZnS(*  arc 
too  low  to  compensate.  Deviations  from  stoichiometry  in  ZnSe  can  produce  large  numbers 
of  native  defects  which,  however,  is  also  true  for  Ga.As.  Therefore  nat  ive  rh'fects  |)roduced  f)y 
deviations  from  stoichiometry  cannot  explain  why  it  is  so  hard  to  tlopc'  ZnSe  p-ty]><‘.  Having 
(‘liniinated  native  defects  as  the  source  of  doping  problems  in  ZnSe.  we  examine  specific 
dopant  systems.  Doping  prohlen\s  for  id  acceptors  ii.  ZtiSe  are  cau.s('d  by  liniited  .solubility 
of  \a  in  ZnSe. 

We  liave  greatly  benefited  from  collalK)ralions  with  G.f'.  Nemnark  and  S.T.  Panl(*Iid(’s. 
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lislied  work  available  to  us.  We  are  indebted  to  D.  Vand<Thilt  for  his  it  (Tat  ive  diagonalizalion 
program.  We  acknowledge  helpful  conversations  with  IT  Bhargava,  J.M.  DePuydt.  V.  Mar¬ 
shall,  T  'D’rsofr,  and  (LI).  Watkins. 
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ABSTRACT 

Electronic  applications  of  diamond  rec|uire  control  over  native  defects  as  well 
as  the  ability  to  dope  it  p-  and  n-type.  B  is  an  excellent  p-type  dopant,  but  :i-type 
doping  has  proven  very  difficult.  Diamond  films  have  also  been  very  difficult  to 
anneal,  indicating  a  high  activation  energy  for  self-diffusion.  We  have  investigated 
the  properties  of  native  defects  and  impurities  through  large-scale  band  structure 
and  Car-Parrinello  calculations.  We  indeed  find  that  the  activation  energy  for  self¬ 
diffusion  is  very  high  in  the  intrinsic  material,  but  it  decrea.ses  by  as  much  as  eV 
in  either  p-  or  n-type  material.  P,  l.i.  and  Na  are  shallow  donors,  but  their  solubili¬ 
ties  are  too  low  for  incorporation  into  diamond  through  in-diffusion.  It  is  energeti¬ 
cally  favorable  for  B  and  N  to  dissolve  in  diamond,  which  explains  their  prevalence 
in  natural  diamond.  The  calculations  explain  for  the  first  time  the  reasons  for  tiie 
distortion  of  atoms  around  N  from  the  fully  tetrahedral  site,  as  well  as  why  N  is  a 
deep  rather  than  a  shallow  donor  We  afso  consider  the  effects  of  simultaneous 
doping  with  N  and  B  on  the  thennodynamic  equilibrium  between  diamond  and 
graphite. 


INTRODUCTION 

ITie  electronic  and  optical  properties  of  diamond  are  determined  to  a  large 
extent  by  the  number  and  types  of  impurities  and  defects  present  in  the  film.  Eor 
example,  shallow  impurities  control  the  majority  ctirrier  densities  and  make  it  dis¬ 
play  n-  or  p-type  conductivity.  Deep  impurities.  /.<■..  impurities  whose  energy  lev¬ 
els  are  far  from  the  conduction  and  valence  band  edges,  do  not  detemiine  the  car¬ 
rier  density,  since  their  electrons  or  holes  cannot  be  thermally  promoted  at  room 
temperature.  However,  both  deep  impurities  and  native  defects  act  as  recombina¬ 
tion  or  deep  trapping  centers,  as  well  as  light  absorbers.  Native  defects  also  govern 
diffusion  and  material  transport  in  semiconductors.  If  the  formation  energies  of  na- 
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tive  defects  are  large,  diffusion  is  slow  and  annealing  is  very  difficult.  Iliis  is  the 
ca.se  for  diamond  (.see  below). 

Impurities  in  diamond  have  not  yet  been  well  characteri/ed.  'Hie  experimental 
data  are  sparse  1 1 1  and  the  only  impurities  that  have  been  studied  at  substantial 
length  are  boron  and  nitrogen.  Boron  is  a  p-type  dopant  with  an  energy  level  at 
Eval  +  370  meV.  Both  natural  and  synthetic  p-iype  diamond  exists,  and  boron- 
doped  p-type  thin  films  have  also  been  made.  However,  the  making  of  n-type  dia¬ 
mond  is  much  more  difficult.  Nitrogen,  which  is  a  common  itnpurity  in  diamond, 
introduces  a  deep  level  1.7  eV  below  the  bottom  of  the  conduction  bands.  This  is 
very  unexpected,  because  an  impurity  atom  having  one  more  electron  than  the  host 
atom  should  be  a  shallow  donor  (cf.  P  in  Si).  Despite  a  number  of  theoretical  stud¬ 
ies  of  the  properties  of  N  in  diamond,  the  atomic  distortions  around  the  N  center 
have  not  been  explained. 

The  only  reports  of  successful  n-type  doping  of  diamond  to  date  [2.  3|  in¬ 
volved  ion  implantation  of  Li  into  bulk  duunoiKl.  Due  to  the  damage  caused  by  the 
implantation,  the  quality  of  the  resulting  material  was  relatively  poor,  (-'urthennore. 
most  of  the  n-type  conductivity  was  lost  after  prolonged  tmnealing  [4|.  However, 
Li  is  the  only  proven  shallow  donor  in  diamond.  Since  it  is  an  interstitial  dopant,  it 
is  believed  to  be  a  fast  diffuser  that  may  need  stabilization  in  high  temperature  ap¬ 
plications  by,  e.g.,  complexing. 

Although  N  is  a  deep  donor,  its  energy  level  is  still  ~  4  eV  above  the  top  of  the 
valence  band  of  diamond.  A  -  B-  pair  should  thus  be  bonded  by  a  substantial 
amount.  Since  both  N  and  B  are  highly  soluble  in  diamond  (see  below),  simultane¬ 
ous  doping  with  N  and  B  could  potentitilly  be  used  to  stabilize  the  diamond  phase. 
We  investigate  the  effects  of  this  doping  on  the  thermodynamic  balance  between 
diamond  and  graphite  below. 


CALCULATIONS 

The  calculations  use  the  plane  wave  pseudopotential  method.  The  native  de¬ 
fects  and  the  impurities  were  embedded  in  a  periodically  repeated  supercell.  Both 
symmetrized  band  structure  codes  and  the  Car-Parrinello  method  i.'))  were  used. 
Calculations  with  relatively  low  plane  wave  cutoffs  were  possible  because  of  a 
previously  developed  soft-core  pseudopotential  for  carbon.  In  the  batid  structure 
calculations  the  supercell  size  corres|ioiHled  to  .32  atoms.  Plane  waves  up  to  14  Ry 
were  included  directly,  while  plane  waves  up  to  26  Ry  were  included  through  per¬ 
turbation  theory.  Two  special  k-points  in  the  irreducible  pan  of  the  Brillouin  zone 
were  used  for  k-space  .sutnmaiiutts.  T  he  details  of  the  band  structure  calculations 
for  the  native  defects  arc  descrilx-d  in  Ref.  b. 
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Table  I.  Calculated  formation  energies  of  neutral  point  defects  and  the  saddle 
point  energy  for  the  concerted  exchange  in  diamond  [eV], 


vacancy  tetrahedral  <100>  split-  bond-centered  concerted 

interstitial  interstitial  interstitial  exchange 

7.2  2.^.6  16.7  15.8  _  13.2 


The  Car-Parrinello  calculations  for  isolated  impurities  were  carried  out  in  a 
64-atom  unit  cell.  N,  Li,  Na,  and  P  were  considered.  The  plane  wave  cutoff  was  26 
Ry,  except  for  the  case  of  N,  where  30  Ry  were  used.  Due  to  the  size  of  the  cell 
only  the  T  point  was  used.  A  test  for  N  that  utilized  the  Baldereschi  point  resulted 
in  a  change  in  the  relaxation  energy  of  only  0.1  eV,  compared  to  the  T  point  ca.se 
(see  below).  For  N,  Li,  and  Na,  all  atoms  were  relaxed  using  ah  initio  forces.  For 
substitutional  P,  radial  relaxations  were  computed  for  the  nearest  neighbors,  while 
the  relaxations  of  the  more  distant  neighbors  were  obtained  employing  a  Keating 
force  field.  The  details  of  the  calculations  are  described  in  Ref.  |7|. 

Because  diamond  has  a  relatively  small  lattice  spacing,  the  non-local  parts  of 
the  standard  Bachelet-Hamann-Sehliiter  pseudopotentials  for  Li  and  Na  |8.  9] 
overlap  the  bonding  region  in  the  diamond  lattice.  Special,  harder  pseudopoientials 
were  constructed  and  it  was  verified  that  the  results  were  in.setisitive  to  variations 
in  the  matching  radii  of  tho.se  potetitials. 

In  calculating  the  formatiott  energies,  we  have  used  the  computed  cohesive 
energy  of  diamond  |6|  and  the  experitnental  bulk  cohesive  energies  for  the  impuri¬ 
ties.  The  solubility  of  an  impurity  at  a  given  site  is  related  to  the  fomiation  energy 
by  the  Boltzmann  factor,  i.e.  Solubility  =  Cotic.  x  exp(-Ef/kT)  1 10],  where  Cone,  is 
the  concentration  of  the  site  per  unit  volume. 

The  calculations  involving  comparisons  between  diamond  and  graphite  uti¬ 
lized  64-  and  48-atom  unit  cells  for  diamond  and  graphite,  respectively.  All  atoms 
in  the  supercells  were  fully  relaxed  by  ah  initio  forces.  In  order  to  increase  the  ac¬ 
curacy  of  the  comparison  we  used  a  slightly  harder  pseudopoiential  for  diamond, 
which  was  previously  u.sed  in  the  studies  of  buckyballs  1 1 1  j.  'ITie  plane  wave  cutoff 
wa.s  35  Ry  for  both  diamond  and  graphite. 


NATIVE  DEFECTS  AND  SELK-DD  FI  SION  IN  DIAMOND 

The  energies  of  the  various  neutral  native  defects  and  the  activation  energy  of 
the  concerted  exchange  mechanism  are  quoted  in  Table  1.  Clearly,  the  contributions 
of  other  diffusion  mechanisms  should  be  negligible  under  equilibrium  conditions. 
In  particular,  the  formation  energies  of  self-interstitials  arc  very  high.  This  is  due  to 
the  lack  of  d-orbitals  in  diamond  (which  makes  overcoordination  unfavorable). 
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high  electronic  density,  and  a  large  band  gap.  In  the  case  of  the  tetrahedral  intersti¬ 
tial,  which  has  a  doubly  occupied  level  near  the  bottom  of  the  conduction  bands, 
the  formation  energy  is  particularly  high.  'I'he  cnergie<  of  interstitial  impurities  are 
high  for  similar  reasons. 

The  migration  energy 
of  the  vacancy  is  substantial 
and  ranges  from  1.7  to  1.9 
eV,  depending  on  its  charge 
state  Ibj.  The  activation 
energy  for  self-diffusion, 
which  is  the  sum  of  the 
formation  and  migration 
energy,  is  9.1  eV  in  intrinsic 
diamond.  However,  p-  or  n- 
type  doping  lowers  the 
formation  energy  of  the 
vacancy  by  about  3  eV  (.see 
fig.  1 )  thereby  leading  to 
enhanced  self-diffusion  and 
vacancy-assisted  impurity 
diffusion.  It  was  predicted 
(6|  that  doping  during 
growth  should  thus  lead  to 
better  annealing  of  defect  structures  due  to  the  lowering  of  the  self-diffusion 
activation  energies.  This  effect  was  subsequently  observed  in  growth  of  B-doped 
thin  films  on  non-diamond  1 1 2|  and  natural  diamond  substrates  113].  However,  the 
observed  enhancement  could  also  be  due  to  an  increase  in  surface  diffusivity  upon 
doping,  or  to  surface  reactions  involving  B. 


Fig.  1.  The  formation  energy  of  the  carbon  vacancy 
in  diamond  in  its  various  charge  states  as  a  func¬ 
tion  of  the  Femii  level. 


DONOR  IMPURITIES 

In  the  present  work,  P,  Li  and  Na  arc  considered  as  potential  shallow  dopants. 
Since  the  position  of  the  impurity  is  critical  for  its  doping  action,  we  have  carried 
out  total  energy  calculations  of  the  impurities  at  substitutional  and  interstitial  sites. 
As  expected,  P  prefers  the  substitutional  site  whereas  Li  and  Na  prefer  interstitial 
positions. 

For  P,  which  is  larger  than  C,  the  nearest  neighbors  relax  radially  outward  by 
0.15  A,  but  the  carbon-phosphorus  bond  length  is  still  substantially  smaller  than 
the  sum  of  the  C  and  P  covalent  radii,  riiis  is  a  con.sequcnce  of  the  stiffness  of  the 
diamond  lattice.  The  P  level  is  shallow,  -0.2  eV  below  the  bottom  of  the  conduc- 


tion  band.  Substitutional  P  would  thus  be  a  good  candidate  for  a  shallow  donor. 
However,  the  calculated  formation  energy  of  P,  defined  as  the  energy  of  the  P  atom 
in  diamond  with  respect  to  C  and  P  bulk  reservoirs,  is  10.4  eV.  'fbe  equilibrium 
solubility  of  P  in  diamond  is  thus  very  low  even  at  high  temperatures. 

Both  Li  and  Na  prefer  the  tetrahedral  interstitial  site  over  the  hexagonal  inter¬ 
stitial  site  and  are  indeed  shallow  dopants,  with  their  donor  levels  at  ~0.1  and  -0.3 
eV  below  the  conduction  band  minimum.  The  nearest  neighbor  radial  relaxations  at 
both  the  tetrahedral  and  hexagonal  sites  are  outwards  and  are  of  course  dependent 
on  the  size  of  the  dopant  atom.  At  the  tetrahedral  site  they  are  0.05  and  0.19  A  for 
Li  and  Na,  respectively.  At  the  hexagonal  site  the  relaxations  are  0.06  and  0.26  A. 
The  formation  energies  at  the  tetrahedral  site  are  5.5  and  15.3  eV,  measured  with 
respect  to  experimental  cohesive  energies  of  bulk  Li  and  Na.  Since  the  relative  sol¬ 
ubility  is  given  by  exp(-E|/kT),  the  solubilities  of  the  shallow  interstitial  dopants 
are  very  low  as  well. 

Three  methods  are  commonly  u.sed  to  incoiporate  impurities  in  semiconduc¬ 
tors:  in-diffusion,  doping  during  growth,  and  ion  implantation.  In  cases  where  the 
formation  energy  is  small,  high  temperature  in-dilTusion  is  often  a  very  convenient 
alternative.  However,  due  to  the  very  low  solubilities  of  P,  Li,  and  Na,  in-diffusion 
would  result  in  a  negligible  concentration  of  dopants.  If  doping  during  growth  is 
selected,  the  impurities  will  have  to  be  kinetically  trapped  in  diamond,  since  their 
energies  of  formation  are  very  high.  'I'he  successful  doping  with  B  during  growth 
of  diamond  films  by  a  number  of  workers  is  due  to  the  fact  that  the  formation  en¬ 
ergy  of  the  B  substitutional  acceptor  in  diamond  is  negative  (see  Table  II),  which 
provides  a  thermodynamic  force  for  its  incorporation. 

Ion  implantation  is  a  particularly  viable  alternative  for  impurities  with  high 
formation  energies.  In  diamond,  ion  implantation  of  impurities  has  been  studied  by 
a  number  of  workers  (see,  e.g.,  Ref.  2  and  3).  In  fact,  the  only  n-type  diamond 
samples  to  date  were  made  by  ion  implantation  of  Li  into  natural  diamond  [2). 
Further  studies  of  ion  implantation  were  carried  out  by  Braunstein  and  Kalish  [3]. 
who  investigated  ion  implantation  of  '-'Sb,  ''■’Ge.  ^'P.  '-C,  and  ^Li  into  hot  dia¬ 
mond  and  found  only  small  variations  in  ion  implantation  damage  cau.sed  by  heavy 

Table  II.  Calculated  fomiation  energies  of  neutral  impurities  in  diamond  measured 
relative  to  the  respective  bulk  reservoirs  (diamond  and  bulk  impurities). 


boron 

-0.5  eV 

nitrogen 

-0.6  eV 

phosphorus 

10.4  cV 

lithium 

5.5  eV 

sodium 

15.3  eV 
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and  light  atoms.  More  recently.  Prins  1 14)  and  Sandhu,  Swanson,  and  Chu  1 15), 
showed  that  ion  implantation  at  liquid  nitrogen  temperature  followed  by  annealing 
has  substantial  advantages,  because  the  mobile  C  self-interstitials  are  trapped  dur¬ 
ing  implantation  and  do  not  e.scape  to  the  surface.  Tlie  annealed  samples  turned  out 
to  have  much  better  electrical  characteristics  than  the  ones  implanted  at  room  or  el¬ 
evated  temperatures.  So  far,  only  ion  implantation  of  B  has  been  successfully 
achieved,  resulting  in  a  p-type  diamond.  However,  in  order  to  provide  lattice  sites 
for  the  substitutional  B  acceptor,  it  was  necessary  also  to  co-implant  C.  For 
interstitial  dopants  the  last  step  should  not  be  needed,  which  should  lead  to  less 
implantation  damage.  Since  l.i  and  Na  prefer  the  interstitial  site  by  a  substantial 
energetic  margin,  they  would  not  compete  with  C  atoms  displaced  during  the 
implantation  for  the  vacant  substitutional  sites.  Subsequent  annealing  should  thus 
result  in  a  better  quality  material. 

The  mechanism  of  impurity  diffusion  is  also  important  in  the  consideration  of 
prospective  dopants,  since  diffusion  of  the  impurity  to  the  surface  or  complexing 
with  structural  defects  leads  to  inactivation.  For  substitutional  impurities.  Table  I 
suggests  that  the  their  diffusion  will  be  dominated  by  the  vacancy  mechanism. 
Since  the  formation  energy  of  the  vacancy  varies  between  4  and  7  eV  (depending 
on  the  Fermi  level  position),  and  its  migration  energy  is  1.7- 1.9  eV,  the  vacancy- 
assisted  diffusion  will  have  a  high  activation  energy  and  substitutional  impurities 
should  remain  stationary  even  at  high  temperatures.  However,  if  growth  and/or 
processing  of  diamond  results  in  injection  of  vacancies,  the  tictivation  energy  be¬ 
comes  equal  to  the  migration  energy.  If  the  substitutional  impurity  has  a  high  for¬ 
mation  energy,  segregation  is  energetically  favorable  and  may  occur  if  vacancies 
are  injected  at  a  high  temperature. 

The  simplest  mechanism  for  the  diffusion  of  interstitial  impurities  involves 
jumps  between  adjacent  tetrahedral  sites,  the  saddle  point  for  the  motion  being  the 
hexagonal  site.  We  carried  out  studies  of  this  path  for  both  Li  and  Na.  Total  energy 
calculations,  which  included  relaxation  of  all  atoms  in  the  cell  at  both  the  tetrahe¬ 
dral  and  the  hexagonal  interstitial  sites,  predict  0.85  and  1.4  eV  for  the  activation 
energies  for  Li  and  Na  diffusion,  respectively.  The  low  activation  energy  for  Li  is 
in  agreement  with  experimental  data  |4|,  since  Li-doped  samples  become  deacti¬ 
vated  after  prolonged  annealing.  Na,  however,  has  a  substantially  larger  activation 
energy  and  should  be  immobile  up  to  moderate  temperatures.  It  is  therefore  more 
suitable  than  Li  for  n-type  doping  of  diamond.  However,  due  to  the  high  formation 
energy  of  the  Na  interstitial,  Na  will  have  to  be  introduced  into  diamond  by  ion 
implantation  or  possibly  kineticaliy  trapped  during  growth. 
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Fig.  2.  a)  A  schematic  model  of  the  origin  of  the  distortions  around  N  in 
diamond,  b)  Contour  plot  of  the  N  lone  pair  .state,  c)  Contour  plot  of  the 
gap  state  associated  with  N  in  diamond.  See  text. 


NITROGEN  IN  DIAMOND 

Nitrogen  is  known  from  EPR  data  to  distort  in  the  (1,1,1)  direction.  This 
distortion  was  first  thought  to  be  a  result  of  a  Jahn-1'eller  effect  1 17,  18,  19]  but 
later  work  has  shown  that  the  state  in  the  gap  is  non -degene rate  |20].  Furthermore, 
recent  cluster  calculations  (21 1  revealed  that  the  ideal  substitutional  N  is  stable 
against  the  di.splacements  of  only  the  N  atom  in  the  (1.1,1)  direction,  showing 
that  N  motion  is  due  to  a  more  complicated  effect. 

Our  calculations  were  started  assuming  a  simple  /.ero'*’-ordcr  model  shown  in 
fig.  2a.  The  figure  shows  the  N  atom  fonning  three  bonds  with  its  nearest-neighbor 
C  atoms.  This  results  in  the  N  lone  pair  state  being  directed  towards  the  fourth 
nearest-neighbor  C  atom.  Since  the  lotie  pair  state  is  fully  occupied  and  the  dan¬ 
gling  bond  contains  one  electron,  the  Pauli  repulsion  results  in  both  the  N  atom  and 
the  (1 1 1 )  C  atom  moving  away  from  each  other. 

Car-Parrinello  calculations  starting  from  this  geometry  and  utilizing  first-prin¬ 
ciples  forces  indeed  converge  to  a  distorted  geometry  in  which  the  C  -  N  distance 
has  been  lengthened  by  25%.  However,  Table  111  shows  that  the  radial  relaxations 
and  the  motion  of  other  atoms  are  also  important,  and  that  both  effects  contribute 
an  approximately  equal  amount  to  the  total  gain  in  energy,  which  is  0.76  eV.  The 
calculated  bond  lengthening  is  in  good  agreement  with  the  values  deduced  from  the 
EPR  data,  which  range  between  1 0  and  36%  , 

One  should  note  that  the  calculated  distortion  is  somewhat  similar  to  the  one 
attributed  to  the  EL2  center  in  GaAs  |22|.  l-'or  El,2.  however,  the  distorted  configu¬ 
ration  is  metastable  and  is  accessible  only  following  an  electronic  excitation.  For  N 
in  diamond,  on  the  other  hand,  the  distorted  state  is  the  ground  state.  Furthermore, 
our  .search  utilizing  equal  but  opposite  displacements  of  the  N  and  the  (1 1 1)  C 


atom  did  not  find  any  barriers  separating  the  distorted  and  the  undistorted  configu¬ 
rations. 

In  fig.  2b  we  show  the  contour  plot  of  the  lone  pair  orbital,  which  is  very  near 
the  top  of  the  valence  bands  and  therefore  contains  a  substantial  admixture  of  va¬ 
lence  band  states.  The  gap  state  (fig.  2c),  which  is  occupied  by  one  electron,  is  an 
antibonding  combination  of  the  lone  pair  orbital  and  the  carbon  dangling  bond.  It 
has  most  of  its  amplitude  on  the  carbon  atom,  which  is  in  very  good  agreement 
with  EPR  data.  The  energy  level  of  this  state  has  dropped  from  Ec  -  0.7  eV  for 
undistorted  substitutional  N  to  Ec  -  1.5  eV.  The  experimentally  measured  level  as¬ 
sociated  with  N  in  diamond  is  at  Ec  -  1 .7  eV  |23|. 


N  -  B  PAIRS  IN  DIAMOND  AND  GRAPHITE 

Electron  transfer  between  N  and  B  in  diamond  releases  several  eV  of  energy. 
Since  both  N  and  B  have  negative  formation  energies  in  the  dilute  limit,  heavy 
doping  and  possibly  even  alloying  are  feasible.  This  raises  a  prospect  of  altering 
the  thermodynamic  balance  between  diamond  and  graphite  by  simultaneous  doping 
with  nitrogen  and  boron,  since  the  energetic  difference  between  the  two  phases  is 
only  0.02  eV  per  atom.  This  idea  is  distantly  related  to  that  of  Bar-Yam  and 
Moustakas  [24|,  who  propose  that  low  pressure  growth  of  thin  film  diamond  is  due 
to  a  large,  non-equilibrium  concentration  of  vacancies,  which  have  a  lower  forma¬ 
tion  energy  in  diamond  than  in  graphite  |cf.  6  and  25|. 

We  have  carried  out  calculations  for  both  distant  N-B  pairs  (as  far  apart  as 
possible  given  the  size  of  the  supercell)  and  nearest  neighbor  pairs.  Although  one 
could  CO  isider  very  dist-ant  pairs  by  computing  separately  the  fonnation  energies  of 
N+  and  B',  we  cho.se  not  to  do  so.  since  the  treatment  of  charged  states  in  periodic 
systems  involves  additional  approximations  due  to  the  infinite  range  of  the 
Coulomb  potential.  For  diamond,  the  furniation  energies  of  the  distant  and  nearest 
neighbor  pairs  are  calculated  to  be  -4.0  and  -5.3  eV,  respectively.  Since  the  fomia- 
tion  energies  of  isolated  N  and  B  are  -0.6  and  -0.5  eV.  respectively,  the  charge 

Table  III.  Total  energy  gains  for  various  distortion  modes  around  substitutional  N 
in  diamond  using  a  64-atom  unit  cell.  For  all  but  the  last  row  only  the  T  point  was 
used  for  k-,space  sampling.  See  text. 


unrelaxed  substitutional  N  0.00  eV 

full  radial  relaxation  around  N  -0.36  eV 

distortion  of  N  and  C  along  (111)  only  -0.32  eV 

di.stortion  of  N  and  C  and  full  relaxation  -0.63  eV 

distortion  of  N  and  C  and  full  relaxation  (Baldereschi  point) -0.76  eV 


transfer  and  bonding  effects  are  sizable  for  this  pair.  In  graphite,  however,  these 
formation  energies  are  even  lower,  -5.6  and  -6.2  eV  for  the  distant  and  nearest 
neighbor  pairs,  re.spectively.  These  results  indicate  thus  that  simultaneous  N  and  B 
doping  will  increase  rather  than  reduce  the  themiodynamic  preference  for  graphite. 

However,  before  dismissing  the  above  idea,  one  should  point  out  that  the 
bonding  in  diamond  and  graphite  is  quite  different.  Also,  the  respective  supercells 
differ  substantially  in  shape  and  size.  Iliis  may  affect  the  accuracy  of  the  calcula¬ 
tions  and  thereby  of  the  above  comparison.  Other  potential  sources  of  error  are  the 
plane  wave  cutoffs,  which  may  have  to  be  even  higher  if  structures  with  very  dif¬ 
ferent  bonding  properties  are  compared,  and  the  local  density  theory.  Clearly,  more 
calculations  and  convergence  tests  are  needed  in  order  to  as.sess  the  accuracy  of  the 
results.  There  are  also  experimental  indications  that  N  is  difficult  to  incorporate 
into  graphite,  possibly  for  kinetic  reasons,  which  may  lead  to  a  preference  for  the 
formation  of  diamond.  It  may  thus  still  be  useful  to  carry  out  the  appropriate  exper¬ 
iments. 


SUMMARY  AND  CONCLUSIONS 

The  energetics  and  electronic  properties  of  native  defects  and  impurities  in  di¬ 
amond  were  investigated  through  large  scale  band  structure  and  Car-Parrinello  cal¬ 
culations.  Among  the  native  defects  in  diamond,  it  was  found  that  the  vacancy  has 
the  lowest  formation  energy,  and,  as  such,  governs  self-diffusion  in  diamond.  The 
activation  energy  for  self-diffusion  in  intrinsic  diamond  is  very  high  (9.1  eV), 
which  explain.'  he  well-known  difficulties  in  atmealing  diamond  during  growth 
and/or  processing.  However,  the  formation  energy  of  the  vacancy  decreases  by  ~  3 
eV  in  p-  and  n-type  diamond.  Dopitig  during  growth  (c.g.,  with  B)  should  thus  lead 
to  an  increase  in  self-diffusion  and  thereby  in  annealing  rates,  possibly  resulting  in 
a  better  quality  material.  This  effect  was  indeed  observed  in  diamond  growth  on 
both  non-diamond  1 1 2|  and  diamond  j  1 3 1  surfaces. 

Our  calculations  for  the  potential  shallow  donors  found  that  Li,  Na,  and  P 
would  dope  diamond.  As  expected.  P  strongly  prefers  the  substitutional  site,  while 
Li  and  Na  are  interstitial  donors.  However,  since  their  solubilities  are  very  low, 
they  cannot  be  introduced  into  diamond  by  in-diffusion,  which  is  an  equilibrium 
process.  The  alternatives  are  kinetic  trapping  during  growth  or  ion  implantation. 
Ion  implantation  is  particularly  suitable  for  interstitial  impurities,  since  no  host 
atoms  need  to  be  displaced  and  co-implantation  with  C,  necessary  for  substitutional 
impurities,  can  be  avoided.  Ion  implantation  has  already  been  successful  at  n-type 
doping  of  natural  diamond  with  Li,  although  the  samples  lost  their  n-type  conduc¬ 
tivity  after  prolonged  annealing.  The  ion  implantation  method  of  Refs.  14  and  15  is 
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particularly  promising,  since  it  minimizes  the  number  of  self-interstitials  escaping 
to  the  surface. 

The  suitability  of  a  particular  shallow  dopant  is  al.so  dependent  on  its  stability 
at  the  dopant  site.  Substitutional  impurities  are  likely  to  diffuse  by  the  vacancy 
mechanism,  by  analogy  to  the  .self-diffusion  mechanism  |6].  Since  the  activation 
energy  for  self-diffusion  in  diamond  is  very  high,  the  activation  energies  for  the 
diffusion  of  substitutional  impurities  are  also  likely  to  be  high.  Substitutional  impu¬ 
rities  would  thus  be  suitable  for  high  temperature  applications.  For  interstitial  im¬ 
purities,  interstitial  channel  diffusion  is  most  likely.  For  Li  and  Na,  the  activation 
energies  for  diffusion  through  this  path  are  0.85  and  1.4  eV,  respectively.  Li  is 
therefore  a  fast  diffuser  that  may  become  inactive  after  prolonged  annealing  or 
even  extended  storage.  Na-doped  samples,  however,  should  remain  active  up  to 
moderate  temperatures. 

Nitrogen  occupies  a  distorted  substitutional  site.  The  distortion  occurs  in  the 
(111)  direction  with  the  N  atom  and  the  (111)  C  atom  moving  away  from  each 
other.  It  is  due  to  the  interaction  of  the  fully  occupied  N  lone  pair  with  the  dangling 
bond  of  the  (1 1 1)  C  atom.  The  single  electron  associated  with  the  center  resides  in 
an  antibonding  orbital  formed  from  the  dangling  hybrid  and  the  N  lone  pair.  This 
orbital  has  most  of  its  amplitude  on  the  C  atom.  These  results  provide  the  first  con¬ 
sistent  explanation  of  the  properties  of  the  N  center.  %\  hich  was  first  observed  and 
identified  by  EPR  over  20  years  ago. 

The  formation  of  N-B  pairs  in  diamond  results  in  the  rclea.se  of  .5-4  eV  of  en¬ 
ergy.  We  investigated  whether  this  effect  can  be  used  to  alter  the  thermodynamic 
balance  between  diamond  and  graphite  at  low  pressures.  Unfortunately,  the  calcu¬ 
lations  indicate  that  the  formation  energies  of  ihe.se  pairs  in  graphite  are  even 
lower.  However,  additional  calculations  are  needed  in  order  to  assess  the  accuracy 
of  these  results,  since  different  sizes  and  shapes  of  the  supercells,  as  well  as  the 
very  different  bonding  environments  in  diamond  and  graphite,  may  have  intro¬ 
duced  significant  errors.  Furthermore,  experiments  have  shown  that  it  is  difficult  to 
incorporate  N  into  graphite.  It  may  thus  still  be  worthwhile  to  test  this  idea  experi¬ 
mentally. 
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Abstract 

Material  growth  is  an  inherently  non-equilibrium  process.  However,  thermodynamic 
considerations  often  provide  imponant  insight  into  material  growth,  the  structure  of  grown 
materials,  and  process  control  parameters.  In  essence,  themiodynamic  considerations  are 
important  when  activated  processes  are  either  slow  or  fast  on  the  time  scale  of  the  growth. 
Activated  kinetic  processes  are  imponant  when  their  time  scale  is  the  same  as  that  of  growth 
Realistic  ab-initio  calculations  of  material  structure  and  dynamics  can  provide  a  microscopic 
understanding  of  both  thermodynamics  and  the  kinetics  of  material  growth.  The  primary  ftxtus  of 
this  anicle  is  a  recently  proposed  defect-assisted  multiple-regrowth  stabilization  of  cubic 
phases, In  this  theory  the  incorporation  of  vacancies  at  the  growth  face  changes  the  relative 
binding  energy  of  cubic  versus  he.xagonal  phases  so  that  diamond  and  cubic  boron  nitride  can 
nucleate  and  grow.  This  theory  predicts  that  diamond  nucleation  and  growth  is  enhanced  under 
electron  rich  or  positive  ion  conditions.  Experimental  results  on  growth  of  both  diamond  and 
cubic  boron  nitride  that  motivate  and  support  theoretical  predictions  are  described.  Cubic  boron- 
nitride  grows  under  off-stoichiometric  conditions.  The  nucleation  rate  of  diamond  is  increased  by 
many  orders  of  magnitude  when  a  tlux  of  electrons  impinges  upon  the  surface.  Raman  line 
broadening  and  E.SR  measurements  indicate  the  presence  of  significant  concentrations  of  point 
defects.  Predictions  and  experimental  evidence  for  both  n  and  p  type  doping  will  b,  discussed. 
Ab-initio  calculations  of  key  kinetic  prcK'esses  and  thermodynamic  quantities  for  diami,.id  and 
boron  nitride  grouth  are  described. 

iNTRODLCnON 

The  growth  of  diamond  under  vapor  conditions  which  are  substantially  in  ihe  stability  regime 
of  graphite  presents  us  w  ith  a  theoretical  puzzle.  One  way  to  resolve  this  puzzle  is  to  discuss  the 
growth  entirely  as  a  kinetic  process.  Growth  is  a  non-equilibrium  process  so  equilibrium  stability 
considerations  need  not  apply.  However,  often  equilibrium  considerations  do  apply,  TTius  we 
choose  to  lake  the  opposite  approach  and  explain  why  we  should  consider  that  .■quilibrium 
considerations  may  apply  to  the  growth  of  diamond.  Having  thus  confounded  the  original 
mystery  a  resolution  will  be  proposed  in  terms  of  the  quasi-equilibrium  theory  of  defect-assisted 
multipic-regrowth  stabilizalion.'  - 

KiNETics  OF  Growth  and  Tiifrmodvna.mic  Eqi  ilibrrai 

Growth  is  an  inherently  non-cquilibrium  prtK'ess.  Atoms  move  from  one  phase  (sapor  or 
plasma)  to  another  (solid),  in  vapor  phase  growth  of  solids  the  kinetics  of  grosvth  generically 
mvolses  several  processes: 

(a)  Atom  arrival,  conffolled  by  the  sticking  probability  of  various  vapor  species. 

(b)  Atom  motion  /  diffusion,  controlled  by  the  hopping  rate  on  the  surface, 

(c)  Atom  removal,  controlled  by  the  emi.ssion  or  etching  rate  of  surface  atoms. 

Despite  the  kinetic  nature  of  these  processes,  equilibrium  solids  often  are  grosvn.  Generally, 
the  equilibrium  solid  is  simply  the  lowest  energy  .structure  of  the  material.  A  first  explanation  for 
the  growth  of  equilibrium  .solids  which  might  be  given  is  the  formal  reason  given  for  equilibrium 
in  any  system:  Equilibrium  occurs  because  the  kinetics  are  fast  enough  to  explore  the  asail.ible 
phase  space.  Low  energy  structures  grow  because  kinetics  are  fast  enough  to  explore  all  the 
possible  arrangemcnls  of  atoms.  This  is  not  a  sufficient  answer  becau.se  materials  do  not  really 
have  the  time  to  explore  all  of  the  phase  space.  If  they  did  have  sufficient  time,  on  realistic  time 
scales,  then  atoms  of  the  same  material  originally  in  any  arrangement  would  sponianetnisly 
rearrange  to  form  an  ideal  equilibrium  solid  if  heated  to  the  temperature  of  growth.  In  reality,  a 
more  limited  phase  space  exploration  (Kcurs  at  the  surface  during  growth.  This  means  that  we 
actually  rely  for  the  growth  of  equilibrium  solids  upon  two  other  conditions: 
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(a)  Fast  surface  kinetics  compared  to  growth  time. 

tb)  Surface  energetics  which  are  similar  to  bulk  energetics. 

W'hile  (a)  is  not  necessarily  true,  it  is  not  .surprising  .since  it  seems  intuitive  that  atom  motion  at 
the  surface  proceeds  faster  because  of  fewer  constraints  due  to  fewer  bonds.  The  second 
statement  is  more  surprising  than  the  first  since  surface  reconstructions  occur  and  the  structure  and 
energetics  of  the  surface  therefore  appear  very  different  from  the  bulk.  However,  one  or  two 
layers  beneath  the  surface  the  energetics  appear  generally  to  be  very'  similar  to  the  bulk.  Step 
edges  are  an  environment  which  is  more  similar  to  the  bulk  than  the  surface  itself.  The  use  of 
island  growth  by  addition  of  atoms  to  step  edges  enables  this  environment  to  control  the  structure 
of  the  growing  solid. 

Finally,  while  (a)  and  (b)  are  necessary,  it  is  also  important  to  note  that  the  growth  rate  is 
controlled  (typically  through  the  arrival  rate  of  atom.s)  to  limit  the  growth  rate  so  that  the  surface 
kinetics  are  indeed  fa.st  enough  to  enable  sufficient  atom  motion  to  give  nse  to  the  equilibrium 
structure.  This  brings  us  to  a  discussion  of  conventional  Ultra-High  vacuum  .MBE  growth. 

CO.NVENTIONAL  MBE 

In  conventional  Molecular  Beam  Epitaxy  (.MBE),  materials  are  grown  under  ultra-high 
vacuum,  and  low  temperature.  The  arrival  rate  of  atoms  at  the  surface  is  kept  low  enough  to 
ensure  that  atoms  can  migrate  along  the  surface  to  a  surface  step  and  be  incorporated. 

In  this  picture  there  are  two  fast  processes:  atom  migration  on  the  surface  and  atom  in 
corporation  at  a  step.  These  processes  arc  fast  enough  so  that  equilibrium  considerations  apply 
and  high  quality  low  defect  concentration  '  equilibrium"  solids  can  be  grown.  But  it  is  equally 
important  to  recognize  that  there  is  a  slow  process  which  is  characteristic  of  this  type  of  growth  - 
interlayer  mixing  of  atoms.  Because  this  is  a  slow  process  it  is  possible  also  to  grow  non- 
equilibrium  solids  in  the  form  of  multilayers  which  are  another  feature  of  this  type 'of  growth 
which  can  be  used  for  technological  applications. 

This  well  known  example  illustrates  the  importance  of  both  fast  and  slow  prtKesses  in 
chiU-acterizing  the  kinetics  of  growth.  Fast  prCKesses  enable  equilibration  and  equilibrium  solids 
to  grow,  while  ,>low  processes  can  either  prevent  equilibration  or  equivalently  enable  non- 
equilibrium  solids  to  grow.  Using  this  as  a  guide  it  is  possible  to  inquire  whether  there  are  fast 
and  slow  pr(x:esses  which  characterize  the  growth  of  diamond. 


Fig.  1:  Illustration  of  conventional  MBE  growth  where  atoms  arrive  on  the  surface, 
stick  and  move  and  attach  rapidly  to  surface  steps.  The  rapid  prtKcss  of  motion  along  the 
surface  results  in  equilibrium  within  the  layer.  However,  the  slow  interlaver  mixing 
enables  non-equilibrium  supcrlatt ices  to  be  grown. 
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Fig.  2:  Illustration  of  multiple  regrowth  theory  of  diamond  growth  where  atoms  are 
added  and  removed  rapidly  from  the  surface  and  do  not  move  easily  along  the  surface  or 
in  the  bulk  so  that  many  vacancies  are  to  be  found  in  layers  of  material  near  the  growth 
face. 


Diamond  Growth 

The  growth  of  diamond  occurs  under  conditions  quite  different  from  conventional  MBF. 
Diamonds  are  conventionally  grown  under  a  hydrogen  pre.ssure  of  100  lorr  and  a  carbon  species 
pressure  of  1  torr.  In  order  to  develop  an  understanding  of  this  grow'th  it  is  imponant  to  generally 
compare  the  rates  of  proces.scs  which  are  relevant.  It  is  possible  to  consider  a  kinetic  picture 
involving  a  variety  of  molecular  species,  their  sticking  probabilities  and  migration  rates. 
However,  we  begin  by  considering  what  processes  might  be  fast  or  slow  in  these  circumstances 
so  as  to  simplify  the  discussion.  An  indication  of  the  migration  rate  of  carbon  atoms  may  be 
obtained  from  bulk  calculations  in  diamond. 

Ab-initio  theoretical  studies  by  Bemholc  et  al  ^  indicate  that  migration  of  atoms  in  the  bulk  of 
diamond  occurs  by  vacancy  hopping  and  requires  overcoming  a  b.arricr  of  1.9cV.  This  result  has 
also  been  confirmed  by  experiment^  Using  this  barrier  an  estimate  of  the  hopping  nite  at  1000  C 
is  only  about  10’'^Vsec.  This  may  be  compared  with  the  barrier  to  vacancy  motion  in  silicon 
which  is  0.3eV.  In  graphite  vacancy  motion  is  only  slightly  faster.  Ah-iruiio  calculations-'  give  a 
migration  barrier  of  1 .6eV.  While  this  is  only  an  estimate  of  the  rate  at  a  surface,  migration  is  not 
a  naturally  fast  process  in  this  system  and  can  be  expected  to  be  many  orders  of  magnitude  slower 
than  in  materials  which  are  typically  grown  in  MBE  systems. 

The  unusual  growth  conditions  however  suggest  another  process  to  be  fast  compared  to  the 
growth  rate.  The  growth  rate  of  diamond  is  about  I  pm  /  Hour,  which  is  1 .5  monolayers/scc.  If 
we  were  to  estimate  the  growth  rate  from  the  flux  of  carbon  species  the  number  should  be  more 
like  10®  monolayers  /sec.  It  is  conceivable  that  only  one  species  of  carbon  with  a  relative 
concentration  of  10'®  may  be  active  in  the  growth.  However,  it  is  also  possible  to  suggest  that 
many  atoms  are  added  and  removed  from  the  surface  for  each  atom  which  eventually  remains  and 
is  incorporated.  This  gives  rise  to  the  picture  of  "Multiple -regrowth"  w  here  layers  are  added  and 
etched  many  times  during  the  growth  process.  The  importance  of  hydrogen  as  an  etchant  (and 
more  recently  of  oxygen  as  a  low  temperature  etching  agent)  in  the  grow  th  of  diamond  has  already 
been  emphasized  by  others.'’-^ 

This  picture  of  multiple  regrowth  .suggests  that  layers  or  areas  of  either  diamond  or  graphite 
could  grow,  and  be  removed  in  this  process.  The  active  dynamic  competition  between  diamond 
and  graphite  would  suggest,  that  the  lower  energy  structure  would  win,*  This  argument  indicates 
that  equilibrium  considerations  should  apply,  confounding  the  original  puzzle  of  the  successful 
non-equilibrium  growth  of  diamond.  The  observation  that  both  fast  and  slow  processes  are 
present,  however,  suggests  a  mechanism  for  diamond  stabilization. 

DEFECT  STABE-IZATION  OF  CUBIC  PHASES 

The  slow  process  of  atom  motion  on  the  surface  of  diamond  and  graphite  suggests  that  the 
growth  process  of  these  materials  under  the  multiple  regrowth  conditions  docs  not  result  in  the 
same  type  of  surface  growth  as  conventional  MBE,  instead  atoms  arrive  on  the  .surface  and  do  not 


338 


move  around  to  fill  in  vacancies  >  that  the  surface  is  formed  out  of  only  partially  completed  layers 
with  la^ge  concentrations  of  vacancies.  Thus  in  order  to  correctly  compare  the  relative  stability  of 
diamond  and  graphite  under  the  growth  conditions  we  have  to  consider  defective  diamond  and 
similarly  defective  graphite.  The  comparison  of  these  materials  proceeds  then  by  using  the 
formula  for  the  formation  energy  of  a  solid  with  a  concentration  n  of  vacancies:'* 

F=Fb  +  n  Fo  (!) 

where  Fr  is  the  bi.iding  energy  of  the  materials  with  negligible  defect  concentrations  and  Fd  is 
the  free  energy  of  formation  of  a  vacancy.  If  we  consider  that  both  materials  should  have  roughly 
comparable  vacancy  concentrations  then,  as  Fig.  3  indicates,  the  formation  energy  of  graphite  may 
be  raised  above  that  of  diamond  if  the  formation  energy  of  v-acaneies  is  higher  than  that  of 
diamond.  It  is  important  to  recognize  that  in  this  picture  the  slow  process  of  vacancy  motion 
freezes  a  non-equilibrium  concentration  of  vacancies  but  the  rapid  multiple  regrowth  process 
enables  a  direct  energetic  comparison  of  defective  graphite  with  the  defective  diamond. 

By  comparing  two  expressions  for  the  formation  energy  of  defective  diamond  and  graphite  it 
may  be  seen  that  a  transition  to  diamond  will  occur  if  the  formation  energy  of  vacancies  is  smaller 
in  diamond  and  the  number  of  defects  is  greater  than: 

n  >  (FRidiamondt  -  Fr! graphite} )  /  (F[)(f;raphite)  -  F[)(diamiind))  (2) 

Ah-inilio  calculations  of  the  formation  energy  of  vacancies  in  diamond  ’  7.2  eV  and  graphite^ 
7.6  eV  yield  only  a  small  difference  between  the  formation  energy  of  vacancies  in  these  materials 
so  that  diamond  with  more  than  8'lr  vacancies  is  stable  compared  with  similarly  defective  graphite. 
This  is  a  rather  large  conceiaraiion  of  vacancies.  However,  since  diamond  is  a  insulator  the  defect 
in  diamond  can  be  charged.  The  formation  energy  of  charged  defects  changes  with  the  position  of 
the  Fermi  energy.  Graphite  is  metallic  so  the  defects  can  not  be  charged  and  their  formation 
energy  can  not  be  changed  by  varying  the  Fermi  energy.  Figure  4  indicates  how  the  formation 
energy  of  vacancies  in  diamond  and  graphite  can  be  compared  including  the  possible  variation  in 
Fermi  energy  of  diamond.  The  formation  energy  of  charged  defects  varies  linearly  with  a  shift  in 
the  Fermi  energy  because  the  energy  of  electrons  moved  to  the  electron  reserv  oir  from  me  defect 
are  ’■.used  by  shifting  the  Fenni  energy  up  or  lowered  by  shifting  the  Fermi  energy  down  as 
follows: 


Fig.  3:  Illustration  of  defect  stabilization  of  diamond.  3'hc  formation  energy  of 
diamond  and  graphite  is  schematically  shown  as  a  function  of  vacancy  concentration. 
Tfie  slope  of  each  line  is  the  formation  energy  of  a  vacancy.  Due  to  multiple  n-grow  th  a 
non-equilibnum  concentration  of  vacancies  is  frozen  at  the  growth  face  but  competition  is 
present  between  defective  diamond  and  defective  graphite.  Since  the  formation  energy  of 
vacancies  is  larger  in  graphite  than  in  diamond  a  sufficiently  high  concentration  of 
vacan;  ies  can  stabilize  the  growth  of  diamond  over  graphite. 
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FDlq.Hl=FDI‘ilM)l+Q<U-W) 

where  q  is  the  charge  of  the  defect  and  ji,  (lo  are  the  Fermi  energy  and  reference  Fermi  energy 
respectively.'®  The  second  term  arises  from  the  energy  of  the  electron  added  to  or  taken  from  the 
electron  reservoir  with  an  energy  (a. 

Because  it  is  possible  to  have  both  positive  and  negatively  charged  vacancies,  shifting  the 
Fermi  energy  either  up  or  down  lowers  the  energy  of  the  diamond  vacancy  relative  to  the  graphite 
vacancy.  For  extreme  Fermi  energy  shifts  a  concentration  of  less  than  one  percent  would  stabilize 
diamond  over  graphite.  The  growth  of  diamond  is  presently  performed  under  electron  rich 
conditions.  We  can  extend  our  quasi-equilibrium  picture  to  include  an  effective  Fermi  energy 
which  describes  the  electron  rich  conditions.  Thus  the  comparison  of  diamond  and  graphite  under 
cunent  growth  conditions  should  include  both  a  substantial  concentration  of  vacancies  and  a 
Fermi  energy  shift  which  lowers  the  energy  of  negative  diamond  vacancies. 

nucleation  A.NfD  Epitaxial  GRO\^'TH 

An  advantage  of  the  quasi-equilibrium  nature  of  the  multiple-regrowth  picture  is  that  it 
accounts  both  for  the  nucleation  and  continued  growth  of  diamond.  Kinetic  theories  which  rely 
heavily  on  a  preexisting  diamond  surface  do  not  easily  generalize  to  explain  nucleation.  It  is 
reasonable  to  assume  that  homo-epitaxial  growth  proceeds  more  easily  than  the  nucleation  itself. 
Thus  one  would  expect  a  wider  range  of  conditions  would  be  consistent  with  homo-epitaxial 
growth  than  with  the  nucleation  step.  Nevertheless  the  well  known  instability  of  diamond 
surfaces  to  graphit'r.ation  suggests  that  the  imponance  of  the  diamond  surface  as  a  substrate  to 
growth  is  not  as  great  for  the  growth  as  in  many  other  materials.  Thus  that  multiple-regrowth  is 
likely  to  be  important  both  for  nucleation  and  continued  growth  under  ctinventional  condirions. 


Fig.  4:  Vacancy  formation  energy  in  diamond  as  a  function  of  Fermi  energy  and 
graphite  vacancy  formation  energy.  By  varying  the  Fermi  energy  it  is  possible  to  lower 
the  energy  of  the  diamond  vacancy  s(.  as  to  enable  the  vacancy  assisted  stabilization  of 
diamond  durinB  growth. 


Table  1:  A  comparison  of  conventional  MBE  growth  and  Diamond  growth.  In  each 
case  the  conditions  of  growth  provide  fast  and  slow  processes.  The  fast  processes  ensure 
a  high  quality  single  phase  material  while  the  slow  processes  enable  quasi-equilibrium 
solids  to  grow.  In  the  ca.se  of  conventional  MBF.  growth  layered  materials  are  grown. 
While  under  the  conditions  of  diamond  growth  slow  proces.ses  stabilize  the  diamond. 


Conventional  MBE 

Diamond  Growth 

Fast  processes 

Atom  migration  on  surface 

Atom  incorporation  at  step 

Atom  addibon  and  removal 

Slow  proces.ses 

Interlayer  mixing 

Atom  migration 

Results 

High-quality  “equilibrium”  solids 
Multilayers  (non-equilibrium) 

Low  defect  concentrations 

Growth  of  Metastable  diamond 
Polycrystalline  growth 

Residua]  defect  densities 

Predictions  of  Multiple  Regrowth  Vacancy  Stabilization 

Residual  defect  concentrations  -  The  theory  of  multiple  regrowth  induced  vacancy  stabilization 
of  diamond  simplifies  the  consideration  of  the  growth  parameters  for  diamond  and  suggests 
several  predictions  which  can  be  compared  with  experimental  results.  The  first  prediction  is 
simply  the  association  of  defects  with  diamond  growth.  It  is  important  to  recognize  that  defects 
still  move  and  therefore  anneal  on  the  time  scale  of  the  complete  growth  of  the  film.  Only  near  the 
active  growth  face  are  defects  effectively  frozen.  At  the  growth  face  the  rate  of  vacancy  motion  is 
slower  than  the  addition  and  removal  of  layers.  However,  far  away  from  the  growth  face  layers 
are  no  longer  being  actively  added  and  removed,  and  the  vacancy  moves  at  a  rate  which  is’fast 
compared  to  the  eventual  rate  of  layer  addition.  It  can  therefore  move  tow  ard  grain  boundaries  or 
dislocations  which  act  as  defect  sinks  and  anneal.  However,  it  may  be  expected  that  vacancies 
will  cluster  into  less  mobile  aggregates  and  be  found  in  the  eventual  diamond.  The  final 
concentration  of  these  vacancies  or  vacancy  clusters  may  be  quite  sensitive  to  the  temperature  of 
growth  (the  higher  the  temperature  the  more  they  w'ill  anneal),  the  thickness  of  the  grown  film  (the 
longer  the  growth  process  the  more  annealing  will  ciccur).  the  density  of  grain  boundaries  and 
dislocations  (the  higher  the  grain  boundary  or  dislocation  density  the  lower  the  vacancy 
concentration),  or  other  conditions  of  growth.  The  concentration  of  vacancies  would  be  expected 
to  vary'  w  ith  depth  in  the  grow  n  film  with  a  larger  concentration  near  the  surface. 

Several  experimental  results  are  now  consistent  with  the  predictions  of  this  theory.  These 
experiments  attempt  to  observe  a  correlation  between  defect  concentrations  and  the  growth  of  high 
quality  diamond  films.  In  conventional  growth  it  would  be  expected  that  conditions  which  lead  to 
higher  percentage  of  diamond  in  the  film  would  also  lead  to  higher  quality  -  lower  defect 
concentration  -  diamond.  In  the  defect  a.ssisted  growth  picture,  the  opposite  would  be  expected 
since  the  vacancies  are  assisting  in  the  stabilization  of  diamond. 

An  experiment  w  hich  tests  the  asstK'iation  of  diamond  grow  th  with  defects  w  as  performed  bv 
varying  the  total  pressure  of  the  growth  a  series  of  films.  The  films  were  found  to  contain  vary  ing 
concentrations  of  diamond  and  graphite.  Two  measurements  on  diamond  films  were  performed 
which  can  be  sensitive  to  defect  concentrations;  Raman  spectroscopy  and  E.SR  measurements. 
The  Raman  spectnnn’  "  was  found  to  show  that  the  width  of  the  diamond  Raman  line  increased 
for  films  which  were  of  higher  diamond  purity.  The  increasing  width  of  the  Raman  line  is 
consistent  with  a  higher  concentration  of  point  defects.  The  E.SR  signal  provides  a  quantitative 
measure  of  paramagnetic  defect  centers  and  is  reported  by  Fanciuli  ct  al.'-  The  ESR  sicnal  is 
found  to  increase  dramatically  for  higher  purity  diamond  films  from  a  concentfation  of  10^^  to  a 
concenmation  of  spins  percm\ 

Fermi  cncruy  anil  growth  -  A  second  prediction  of  the  multiple-rcgrowth  theory  pertains  to 
the  role  of  the  Femii  energy  shift  in  the  growth.  Ba.scd  on  Fig.  .i,  a  prediction  is  made  that  the 
ease  of  growth  of  diamond  should  follow  the  energy  dependence  of  the  vacancies  with  the 
effective  Fermi  energy  at  the  growth  face.  In  its  simplest  from  this  means  that  both  positive  ion 
conditions  (plasmas  containing  high  concentrations  of  positive  ions)  and  electron  rich  conditions 
should  enhance  the  grow  th  of  diamond. 

A  test  of  this  prediction  may  be  iii.ide  by  controlled  addition  of  electrons  by  biasing  the 
substrate  or  using  an  electron  beam.  It  is  important  to  emphasize  that  the  results  which  arc 


achieved  further  depend  on  the  other  conditions  of  growth.  A  shift  in  the  Fermi  energy  which 
lowers  the  formation  energy  of  vacancies  indicates  that  diamond  with  the  same  concentration  of 
vacancies  is  now  lower  in  energy  and  the  purity  of  films  will  be  higher  and  the  nucleation  of 
diamond  is  easier.  However  it  also  indicates  that  diamond  may  be  grown  with  fewer  vacancies  so 
that  conditions  of  growth  may  be  varied  to  achieve  faster  or  higher  quality  diamond  growth 
without  lowering  the  purity  of  diamond  films.  The  same  conditions  without  the  addition  of 
electrons  could  result  in  graphitic  rather  than  diamond  growth. 

Two  experimental  results  have  been  achieved  which  are  suggestive  of  the  predicted  results. 
Biasi.ig  the  substrate  without  changing  the  conditions  has  been  shown  to  lead  to  many  orders  of 
magnitude  change  (e.g.  over  10'”)  in  the  nucleation  rate  of  diamonds.  For  typical  growth 
conditions  diamond  does  not  nucleate  at  an  experimentally  viable  rate  on  polished  silicon  surfaces, 
only  on  roughened  surfaces.  Under  biased  conditions  which  enhance  the  electron  concentration 
incident  on  the  surface,  diamond  nucleates  on  polished  silicon  substrates. ''•’3  This  result  is 
obtained  by  consistent  substrate  biasing  during  growth  so  that  the  current  through  the  surface  is 
maintained  at  a  constant  value  throughout  the  growth.  Another  experimental  result  suggests  that 
diamond  growth  rates  may  be  increased  by  an  order  of  magnitude  when  electrons  are  added  to  the 
growth  environment.’"' 

Another  way  to  vary  the  Fermi  energy  of  the  growth  is  by  doping.  A  proper  consideration  of 
the  effect  of  dopants  must  include  the  dopants  themselves  in  the  quasi-equilibrium  picture.  This 
leads  to  a  separate  prediction  regarding  the  conditions  for  optimal  doping. 

Doping  -  A  central  problem  in  the  growth  of  diamond  is  not  just  achieving  high  quality  solids, 
but  also  incorporating  dopants  in  desired  quantities.  An  area  of  investigation  which  has  not  yet 
been  extensively  utilized  experimentally  is  the  ability  of  the  growth  conditions  to  enhance  dopant 
incorporation  by  controlling  the  surface  conditions.  Generally  growth  is  optimized  for  the 
intrinsic  material  and  the  parameters  are  not  changed  for  dopant  incorporation.  However,  it  can  be 
shown  that  control  over  the  effective  Fermi  energy  during  growth  may  have  significant  impact  on 
dopant  incorporation  and  activity.  The  energy  of  dopant  incorporation  directly  depends  on  the 
value  of  the  Fermi  energy.  Consistent  with  Equation  (.^),  a  donor  will  have  its  energy  of 
incorporation  raised  if  the  Fermi  energy  is  raised.  This  suggests  that  for  successful  dopant 
incorporation,  the  Fenni  energy  during  growth  should  be  moved  opposite  to  the  direction  of 
desired  eventual  doping.  The  Fermi  energy  should  be  moved  down  for  n-type  doping  and  up  for 
p-type  doping.  The  temporary  Fermi  energy  shift  during  growth  may  be  achieved  by  electron  rich 
conditions  for  p-type  doping  or  by  incident  positive  ions  for  n-type  doping. 

A  further  complication  (K'curs  in  many  cases  where  dopants  may  be  incorporated  in  several 
different  configurations,  some  active  and  some  inactive  or  even  causing  counter  doping.  In  this 
case  the  counter  Fenni  motion  during  growth  also  enhances  the  doping  efficiency  defined  as  the 
ratio  of  active  to  total  dopant  concentration.  This  enhancement  of  doping  efficiency  w  ill  sun.  ive 
beyond  the  time  of  the  grow  th  if  the  equilibration  in  the  bulk  is  slow,  as  it  would  be  in  diamond  or 
in  many  other  solids. 

Tliese  considerations  arc  quite  general;”*  however,  in  diamond  grow  th  an  experimental  result 
lends  suppon  to  these  qualitative  predictions,  p-type  doping  of  diamond  has  been  achieved  for 
diamond  grown  in  an  electron  rich  environment.  There  is  no  n-type  doping  which  has  been 
achieved  for  electron-rich  environment.  It  remains  to  be  seen  whether  n-type  doping  may  be 
achieved  under  positive  ion  conditions.  Ah-inilio  calculations  relevant  to  the  consideration  of 
doping  may  be  found  in  the  work  of  Kajihara  et  al.’^  While  these  calculations  suggest  that  n-type 
doping  is  difficult,  the  advantage  of  shifting  the  Fenni  energy  may  be  sufficient  to  enable  the 
doping  to  occur. 

Cubic  Bokon  Mtkide  Growth 

Cubic  Boron  Nitride,  similar  to  diamond,  is  unstable  to  the  formation  of  a  graphite-like  ft'nn 
of  Boron  Nitride.  It  is  thus  possible  to  ask  whether  a  simihir  defect  induced  stabilization  may  also 
apply  to  the  growth  of  Boron  Nitride.  An  essential  difference  for  BN  is  that  the  defect 
concentration  may  be  controlled  by  variation  of  the  stoichiometry.  Different  stoichiometries  may 
be  attainable  by  the  control  of  vapor  pressures  of  gas  species  under  conditions  of  conventional 
low  pressure  MBF,  growth  where  surface  migration  is  the  dominant  "fast"  priK'css  and  sticking 
coefficients  control  the  rate  of  growth.  The  depanurc  from  stoichiometry  may  be  used  to  stabilize 
growth  of  the  cuhic-BN. 

In  the  same  spirit  as  for  diamond  growth,  we  begin  with  the  simplest  set  of  assumptions 
enabling  a  comparison  of  off-sioichiomciric  materials  during  growth,  niese  are  inieqireted  w  ith 
the  aid  of  accurate  ah-initin  calculations  to  provide  guidance  as  to  systematic  trends  which  may  be 


expected  in  actual  growth.  Departures  from  stoichiometry  may  be  considered  in  two  limits;  the 
first  assumes  that  cubic  and  graphitic  materials  are  in  equilibrium  and  share  the  same  chemical 
potentials,  the  second  assumes  that  sticking  coefficients  which  control  the  off-stoichiometry  are 
approximately  similar  and  thus  materials  with  similar  stoichiometries  should  be  compared.  We 
adopt  the  latter  approach.  For  simplicity,  each  material  is  assumed  to  be  in  equilibrium  internally, 
so  that  defect  concentrations  are  determined  by  equilibrium  formation  energies.  The  comparison 
of  material  formation  energies  may  then  be  considered  equivalently  either  in  the  grand-canonical  or 
canonical  ensemble.  In  the  former  we  would  write  the  free  energy  per  atom  of  the  solid  as 

F=  (N(B)tiB  +  1/2  hbn  +  sl2  (Hb-Fn)  (4j 

Where  N(Bj,  N(N)  are  the  number  of  Boron  and  Nitrogen  atoms  respectively,  N  is  the  total 
number  of  atoms  and  s=N(B)-N(N)  measures  the  stoichiometry.  The  two  expressions  in 
Equation  4  are  related  by  the  assumption  of  equilibrium  in  the  bulk  solid  so  that  the  sum  of  N  and 
B  chemical  potentials  is  equal  to  the  binding  energy  of  a  pair  in  the  solid;  fjfyi+pB=//Bf/-  The  other 
chemical  potential  adjusts  to  achieve  the  desired  stoichiometry.  The  chemical  potential  may  then 
be  thought  of  as  being  determined  by  the  formation  energy  of  the  defects  responsible  for  the  off- 
stoichiometry.  Consequently,  the  chemical  potentials  of  the  two  different  materials  are  not  the 
same. 

For  the  purpose  of  comparison  of  equal  stoichiometry  materials  we  can  equivalently  consider 
the  more  intuitive  canonical  ensemble  and  write  the  difference  between  the  free  energies  per  atom 
of  the  two  solids  by  using  a  reference  value  for  hb  un  ■ 

F(c-BN)-F(g-BN)=  1/2  (hbn  (c-BN)-hbn  (g  BN) )+  Is  HFd(c-BN)  -  Fo'g-BN}}  i?) 

In  this  expression  the  defect  formation  energies  appear  explicitly  but  are  to  be  understotxl  as  taken 
for  a  panicular  reference  chemical  potential,  and  are  of  the  dominant  defect  which  is  responsible 
for  the  off-stoichiometry.  As  written  it  is  for  defects  such  as  vacancies,  where  the  difference  in  s 
of  a  single  defect  is  ±1 .  The  generalization  to  antisites  where  the  difference  in  s  of  a  single  defect 
is  ±2  is  straightforward.  The  relative  concentrations  of  vacancies  and  aniisites  is  established  bv 
assuming  a  chemical  potential  consistent  with  the  off-stoichiometry. 

In  order  to  include  the  possibility  of  charged  defects,  for  each  material  a  quasi-equilibrium 
Fermi  energy  is  assumed.  Experimentally,  the  Fermi  energy  may  often  be  adjusted  for  optimal 
growth  using  substrate  bias  or  ionic  conditions  of  the  plasma  at  the  growth  face.  Unlike  the  case 
of  diamond  and  graphite,  both  cubic  and  graphitic  BN  are  insulators.  Fenni  energy  variations  and 
charged  defects  are  present  in  both  materials. 

In  addressing  the  defect  induced  off-stoichiometry  in  both  cubic  and  graphitic  BN,  it  appears 
reasonable  to  neglect  interstitials  and  restrict  our  attention  to  vacancies  and  anti-site  defects.  This 
was  justified  by  detailed  calculations  for  the  case  of  diamond  which  showed  a  much  larger 
formation  energy  for  interstitial  defects.-^ 

AB-lNiTio  Calculations  of  defect  Formation  energies  in  Boron  nitride 

We  have  performed  ah-initio  theoretical  studies  of  the  formation  energies  of  vacancies  and 
anti-site  defects  in  cubic  and  graphitic  BN.  The  calculations  employed  the  Pseudopotential  la.x;al- 
Densiiy-Functional  (LDA)  formalism  and  a  recently  developed  conjugate  gradient  algorithm.’^ 
Charged  states  were  considered  by  using  a  neutralizing  background.’ '  The  plane  wave  expansion 
used  has  a  kinetic  energy  cutoff  of  15  Hanrecs.  Detailed  descriptions  of  the  calculation 
methodology  and  results  will  be  presented  elsewhere.”*  These  theoretical  studies  parallel 
experimental  work  on  the  growth  of  BN  that  are  summarized  belosv  and  are  presented  scparatelv 
in  greater  detail.'** 

In  Fig.  5  we  show  the  formation  energies  of  the  four  defects  in  both  materials  as  a  function  of 
Fermi  energy.  Consistent  with  LDA  c.ilculations  in  general,  the  calculated  semiconductor  gaps  lue 
significantly  smaller  than  experimental  ones.  The  gaps  of  cubic  and  graphitic  BN  arc  calculated  to 
be  similar  (3.85eV  vs.  4.12eV),  so  the  formation  energies  for  both  materials  are  show  n  on  the 
same  figures.  The  reference  chemical  potential  of  Bb  FN  's  chosen  so  that  ^b  tit  the  chemical 
potential  of  metallic  boron. 

Systematically  it  may  be  seen  that  there  are  more  ch.irge  states  of  the  defects  in  cubic-BN. 
This  means  that  shifting  the  Fermi  energy  is  more  effective  at  reducing  the  formation  energy  of 
defects  in  cubic-BN  below  those  of  graphitic-BN.  It  is  interesting  to  note  that  for  three  of  four 
defects,  the  formation  energy  of  the  neutral  defect  is  lower  in  graphitic  material,  and  for  the  boron 
vacancy,  they  are  approximately  equal.  It  is  only  w'ith  the  inclusion  of  the  charged  defects  that 
lower  energy  defects  in  cubic  material  and  defect  stabilization  is  possible. 
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Fig.  6:  Minimum  energy  defects  as  a  function  of  Fermi  energy  for  cubic-BN  (solid 
line)  and  graphitic-BN  (dashed  line).  The  reference  chemical  potentials  are  taken  to  be 
those  appropriate  for  equilibrium  with  bulk  B  metal.  The  minimum  energy  defect  and 
charge  state  are  identified  on  each  line  .segment.  Direct  implications  for  defect  induced 
stabilization  of  cubic-BN  are  discussed  in  the  text. 

In  Fig.  6  we  show  the  minimum  energy  defects  as  a  function  of  Fermi  energy  in  the  two 
materials.  This  figure  provides  the  simplest  comparison  for  our  purposes.  It  may  be  seen  that  for 
all  values  of  the  Fermi  energy  the  cubic-BN  defects  are  substantially  lower  in  energy  than  the 
graphitic-BN.  This  suggests  that  defect  induced  stabilization  is  possible  for  cubic  BN.  A 
systematic  consideration  (Table  II)  of  boron-rich  and  nitrogen-rich  growth  for  different  values  of 
the  Fermi  energy  leads  to  the  following  conclusions,  most  of  which  may  be  directly  deduced  from 
this  figure.  For  p-type  or  positive-ion  conditions  of  growth,  the  defect  formation  energies  predict 
that  stabilization  is  possible  for  boron-rich  material,  with  nitrogen  vacancies  as  the  dominant 
defect.  Nitrogen  rich  material  is  stable  in  the  graphitic  structure.  On  the  other  hand,  under  n-type 
or  electron  rich  conditions  of  growth  defect  stabilization  is  predicted  to  be  possible  for  nitrogen 
rich  material  and  nitrogen  poor  material.  The  dominant  defect  is  the  boron  vacancy  or  boron 
antisite  respectively.  However,  under  n-type  conditions  there  is  a  strong  tendency  to  nitrogen  rich 
material.  Even  though  the  reference  chemical  potential  is  for  boron  solid,  which  would  lead  to  the 
most  boron  rich  solid  in  equilibrium,  nevertheless,  the  boron  vacancy  is  still  the  lowest  energy 
defect  in  cubic-BN  for  electron  rich  conditions.  Thus,  it  is  concluded  that  under  p-type  conditions 
boron-rich  cubic-BN,  and  under  n-type  conditions  nitrogen-rich  cubic-BN  may  be  stabilized 

Table  II:  .Summary  of  theoretical  predictions  for  the  growth  conditions  where 
stabilization  of  cubic-BN  may  be  possible  in  the  quasi-equilibrium  picture.  The  variation 
of  stoichiometry  and  the  ionic  charge  of  the  growth  arc  experimentally  tunable  parameters. 

The  dominant  defect  under  each  conditions  is  indicated.  It  is  believed  from  expenment 
that  graphitic-BN  is  stable  in  stoichiometric  conditions.  Experimental  growth  of  boron- 
rich  cubic-BN  under  positive-ion  conditions  (*)  is  described  in  Table  111  and  the 
accompanying  text.  The  question  mark  for  boron-rich  BN  under  electron-rich  conditions 
is  included  to  indicate  the  strong  preference  of  the  growth  for  nitrogen-rich  material  under 
electron-rich  conditions. 


Boron  rich 

Stoichiometric 

Nitrocen  rich 

electron  rich 

?  eubic-BN 

graphitic-BN 

cubic-BN 

B  antisitc 

B  vacancy 

positive  ion 

*  cubic-BN 

graphitic-BN 

graphitic-BN 

N  vacancy 

N  antisite 
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It  should  be  emphasized  that  the  theoretical  calculations  suggest  that  the  limit  of  off- 
stoichiometry  which  may  be  achieved  in  true  equilibrium  is  small.  Off-stoichiometric  material  is 
generally  unstable  to  phase  .separation.  For  a  boron  rich  solid,  the  limit  of  boron  excess  is 
established  by  setting  the  boron  chemical  potential  to  the  chemical  potential  of  boron  solid  as  is 
indicated  in  Figs.  5  and  6.  A  1%  excess  of  boron  would  then  require  a  defect  formation  energy 
(either  nitrogen  vacancy  or  boron  antisite,  the  difference  is  not  significant)  of  0.5  eV.  Except 
possibly  for  the  boron  antisite  in  highly  n-type  material  this  condition  is  not  realized.  Moreover, 
in  equilibrium,  in  the  bulk,  unless  an  equivalent  concentration  of  dopants  is  included,  the  defects 
are  not  stable  in  their  charged  states  since  the  material  must  be  locally  neutral.  Two  interesting 
consequences  may  be  inferred.  First,  that  the  material  may  be  grown  boron-rich  only  if  phase- 
separation  is  inhibited  by  slow  atomic  migration.  Generally,  phase-separation  is  a  slow  dynamical 
process  so  this  may  not  be  a  concern  for  nearly  stoichiometric  material.  Equivalently  we  may  say 
that  the  effective  boron  chemical  potential  may  be  significantly  lower  than  that  of  metallic  boron 
before  phase  separation  occurs  during  growth.  Second,  following  growth,  the  intrinsic  instability 
to  phase  separation  may  play  an  important  role  in  the  stability  of  cubic-BN.  This  is  panicularly 
true  because  in  otherwise  undoped  material  the  defects  must  become  on  average  neutral  and  the 
Fermi  energy  will  shift  to  the  position  of  the  defect-electron-transition  raising  dramatically  the 
energy  of  the  defects  causing  the  off-stoichiometry.  It  may  be  possible  that  the  instability  to 
phase-separation  results  in  material  which  gradually  undergoes  pha.se  separation  on  experimental 
time  scales.  It  may  be  possible  to  overcome  this  instability  to  phase  separation  (or  graphitization) 
of  the  cubic  BN  after  growth  by  post  processing  to  restore  the  stoichiometry  of  the  material.  An 
intriguing  though  speculative  possibility  for  achieving  stoichiometric  cubic-BN  material  is  through 
growth  alternately  in  p-type  and  n-iype  conditions  resulting  in  layered  boron-rich  and  nitrogen- 
rich  materials  which  may  interdiffuse  to  form  stoichiometric  material. 

Finally,  it  may  be  mentioned  that  N  vacancies  and  B  vacancies  are  intrinsic  donors  and 
acceptors  respectively  and  thus  an  effective  doping  of  cubic  BN  may  be  achieved  only  through 
careful  control  of  stoichiometry.  Moreover,  the  stoichiometry  itself  may  serve,  at  least  in  part,  for 
achieving  p-type  and  n-type  materials.  Material  which  is  nitrogen-rich  grown  under  n-type 
conditions  will  be  found  to  be  p-type  after  growth,  and  conversely  for  boron-rich  material. 
Limitations  to  doping  efficiencies  may  be  derived  from  the  results  described  above. 

Growth  of  Cubic  Boron  nitride 

The  experimental  growth  of  cubic  BN  is  reported  in  detail  separately.  1'^  Preliminary  results  of 
the  experimental  effort  were  the  primary  motivation  for  the  theoretical  studies  described  above. 
Growth  of  cubic  material  was  performed  by  sputtering  of  high-purity  (pyrolitic)  BN  in  an  argon 
plasma.  The  sticking  coefficient  of  nitrogen  is  much  lower  than  that  of  boron,  so  that  in  a  pure 
argon  plasma  the  film  has  a  B:N  ratio  of  5: 1  and  is  pha.se  separated  into  metallic  boron  and  BN. 
To  increa.se  the  nitrogen  in  the  film.  Ns  gas  was  added  to  the  plasma  and  adjusted  to  achieve 
optimal  growth.  The  plasma  conditions  cause  the  substrate  to  be  negatively  biased  attracting 
positive  N2''’  ions  from  the  plasma  to  the  surface  and  causing  an  electron  depleted  surface.  This 
may  be  taken  to  correspond  to  the  theoretical  discussion  of  cubic  BN  growth  in  a  p-type 
environment. 

The  conditions  of  growth  and  the  resulting  materials  are  summarized  in  Table  111.  The  optimal 
hardness  of  the  films  (.5,5(X)  kg/mm-)  was  obtained  with  \0%  Ns  pressure  in  the  plasma.  Films 
grown  under  these  conditions  were  characterized  by  in-planc  X-ray  diffraction  and  electron 
diffraction  as  cubic-BN.  The  hardness  of  .T„50()  kg/mm’  is  consistent  with  the  hardness  of 
synthetic  cubic-BN.  The  B;N  ratio  of  these  films  was  measured  directly  and  found  to  be  between 
1.01:1  and  1.02:1.  This  1-2%  off-stoichiometry  is  consistent  with  the  results  of  ESR 
measurements  which  find  a  spin  density  of  Upb-  ]%  of  atomic  sites.’*’  The  ESR  line  shape  and 
g-value  measured  is  consistent  with  other  measurements  of  nitrogen  depleted  BN  which  have  been 
associated  with  the  nitrogen  vacancy.  When  the  N2  pressure  is  increased  to  50%  the  films 
become  very  soft  and  are  stoichiometric  to  the  accuracy  of  the  measurements. 

These  results  appear  to  be  consistent  with  the  theoretical  predictions  linking  the  nitrogen 
vacancy  with  the  off-stoichiometry  induced  stabilization  of  cubic-BN  under  p-type  conditions. 
The  observation  of  spins  from  the  nitrogen  vacancy  may  be  understood  in  detail  as  follows. 
During  growth  the  nitrogen  vacancy  is  expected  to  be  positively  charged.  Once  the  growth  has 
pr(x:eeded  and  the  vacancy  is  away  from  the  surface,  the  material  must  become  on  average  neutral. 
This  occurs  through  capture  by  the  nitrogen  vacancy  of  electrons.  A  single  electron  on  a  nitrogen 
vacancy  neutralizes  the  vacancies  and  is  expected  to  give  an  ESR  signal  since  it  only  half  occupies 
a  gap  state. 
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Table  III:  Plasma  pressures  of  N2  in  an  argon  plasma  during  BN  films  and  the 
resultant  properties  and  stoichiometry  of  BN  films.  See  text  and  Ref.  1 8  for  details. 


Nt  pressure 

Film  property 

Stoichiometry:  B:N 

0% 

phase  separation 

5:1 

W% 

cubic-BN  (see  text) 

1.01:1  to  1.02:1 

50% 

soft  like  craphile 

1:1 

I'he  theoretically  predicted  possibility  of  cubic-BN  growth  under  electron  rich  conditions 
remains  to  be  tested. 
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ABSTRACT 

We  present  a  theoretical  formalism  to  investigate  doping  efficiencies  of  impurities  in 
semiconductors,  and  show  results  for  various  acceptor  impurities  (Li,  Na  and  N)  in  ZuSe 
These  results,  obtained  from  first-principles  calculations,  yield  important  insights  in  the 
mechanisms  that  govern  impurity  formation  energies  and  solubilities. 


INTRODUCTION 

Doping  of  ZnSe  has  been  the  subject  of  intense  investigations  for  many  years.  The  belief 
was  widely  held  that  p-type  doping  could  not  be  achieved  due  to  some  intrinsic  limitation, 
often  attributed  to  self-compensation  by  native  defects.  We  have  recently  shown,  based  on 
state-of-the-art  first-principles  calculations,  that  under  appropriate  growth  conditions  the 
concentration  of  native  defects  in  ZnSe  is  quite  low.  and  will  not  cause  self-compensation.' 
Recent  experimental  achievements  have  also  conclusively  established  that  p-type  doping 
of  ZnSe  is  indeed  feasible. However,  high  doping  levels  are  still  hard  to  obtain,  and  a 
comprehensive  understanding  of  the  doping  difficulties  has  been  lacking. 

The  theoretical  approach  presented  in  this  paper  shows  that  two  mechanisms  play  an 
important  role  in  the  doping  limitations.  One  is  a  competition  between  variou.s  configu¬ 
rations  that  the  dopant  impurity  can  a,ssume  in  the  lattice.  The  second  mechanism  is  a 
solubility  limit,  imposed  by  the  coexistence  of  other  phases  that  can  be  formed  out  of  the 
constituents.  In  this  paper  we  briefly  sketch  the  theoretical  approach,  and  then  present 
detailed  results  for  Li  and  other  impurities.  We  find  that  Li  suffers  from  a  competition 
between  substitutional  and  interstitial  lattice  sites.  .More  importantly,  the  total  solubility 
is  limited  by  formation  of  the  compound  LijSe.  For  Na,  we  find  the  solubility  to  be  much 
lower  than  for  Li.  rendering  Na  useless  as  a  dopant.  Nitrogen  turns  out  to  be  the  best  candi¬ 
date  among  the  elements  examined  here.  These  results  can  serve  to  guide  experiments,  not 
only  regarding  the  choice  of  dopant,  but  also  with  respect  to  establishing  optimal  growth 
conditions. 

FORMALISM 

The  equilibrium  concentra' ion  of  an  impurity  in  a  semiconductor  is  given  by 

C  =  N,,,„exp[-5^^=E_;J^].  (1, 

N,ii„  is  the  appropriate  site  concentration,  e.g.,  for  substitutional  Li  (Liz„)  this  is  the 
number  of  Zn  sites  per  unit  volume.  Eform  is  the  formation  energy,  and  Sf„nn  the  formation 
entropy.  The  pressure-dependent  term  in  the  Gibbs  free  energy  can  be  neglected  for  the 
solid  phase.  Entropy  contributions  have  been  estimated  to  be  small®;  they  also  tend  to 
cancel  when  comparing  relative  free  energies.' 

The  key  quantity  for  determining  impurity  concentrations  is  thus  the  formation  energy 
Its  value  must  be  determined  from  first-principles  total  energy  calculations.  We  carry  out 
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these  calculations  based  on  density-functional  theory,  using  ab  initio  pseudopoteritials.  and 
a  mixed  basis  set  to  ensure  an  adequate  description  of  the  Zn  d  orbitals. '  \  siipercell 

geometry  is  used,  in  which  the  impurity  is  surrounded  by  a  sufficiently  large  volume  of  the 
host  crystal.  general  definition  of  formation  energy  is  given  in  Eq.  (1)  of  Ref.  1,  Here 
we  discuss  the  specific  example  of  an  ionized,  substitutional  Li  atom: 

h.(orm(f.‘*2n)  ~  ^  "h  P2n  Ep.  I“) 

ofLi^n)  is  the  calculated  energy  of  a  supercell  containing  the  LiJ^  impurity,  minus  the 
energy  of  a  reference  cell  containing  the  pure  bulk  semiconductor,  jiu  and  /iz„  are  the 
chemical  potentials  of  Li  and  Zn  atoms;  they  represent  the  energies  of  the  reservoirs  with 
which  these  atoms  are  exchanged.  Ep  is  the  Fermi  level,  i.e.  the  energy  of  the  reservoir 
delivering  the  electron  that  is  responsible  for  the  negative  charge  on  the  impurity. 

Equations  similar  to  Eq.  (2)  can  be  written  down  for  all  configurations  of  all  impurities 
to  be  examined,  in  their  various  charge  states.  In  addition,  we  take  all  intrinsic  point  defects 
into  account,  thereby  ensuring  that  reactions  involving  different  impurity  configurations  can 
take  place.  For  instance,  a  substitutional  Li  atom  can  leave  its  site  and  become  interstitial, 
leaving  a  Zn  vacancy  behind.  This  leads  to  a  long  list  of  formation  energies  for  various 
impurity  and  defect  configurations.  The  corresponding  concentrations  are  coupled  th.roiigh 
the  condition  of  charge  neutrality.  «is  described  in  Ref.  1.  These  concentrations  are  still  a 
function  of  the  chemical  potentials  of  the  constituents;  we  therefore  present  our  results  in 
the  form  of  contour  plots,  with  /iz„  and  pu  as  the  variables  (as  explained  above,  ps,  is  not 
an  independent  variable  since  it  is  determined  by  ps,  =pznS»  -  PZn)-  Other  details  about 
the  formalism  are  discussed  in  Ref.  1. 

RESULTS 

Lithium 

Fig.  1  shows  some  of  our  results  for  Li  in  ZnSe.  The  total  concentration  of  Li  impurities 
is  displayed  in  Fig.  l  .a.  Not  all  Li  atoms  reside  on  substitutional  sites,  however.  .As  pointed 
out  by  Neumark.®  Li  can  also  go  interstitially.  where  it  behaves  as  a  donor.  Our  calculations 
indicate  that  Li2  has  its  lowest  energy  at  the  Tj  site  surrounded  by  Se  atoms  (TiJ'),  which 
is  0.2  eV  lower  in  energy  than  the  Tj”  site.  Analogous  to  Eq.  (2).  we  can  write  down  an 
expression  for  the  formation  energy  of  the  interstitial  species: 

E,„™(Lin  =  f:(Lir)-Pu  +  EF.  (E 

The  individual  concentrations  of  the  substitutional  and  interstitial  species  are  given  in 
Figs,  l.c  and  l.d.  Inspection  of  Eqns.  (2)  and  (.3)  reveals  that  the  formation  energy  of  the 
substitutional  impurity  (acceptor)  rises  as  the  Fermi  level  goes  dov  n  (increasingly  p  lype 
material),  whereas  the  formation  energy  of  the  interstitial  (donor)  becomes  lower.  .As  the 
material  becomes  more  p-type,  it  becomes  increasingly  favorable  to  form  interstitials.  For 
some  limiting  position  of  the  Fermi  level,  the  formation  energies  of  the  two  species  actually 
become  equal.  It  is  then  impossible  to  push  the  Fermi  level  any  lower,  indeed,  doing  so 
would  make  the  formation  energy  of  interstitials  lower  than  that  of  substitutionals.  thus 
creating  more  donors  than  acceptors,  which  would  push  the  Fermi  level  back  up.  Eqns.  (2' 
and  (3)  show  that  this  limiting  Fermi  level  position  is  still  a  function  of  the  Zn  rhentical 
potential,  as  can  be  seen  in  Fig.  l.b:  for  a  given  value  of  pz„  (along  a  horizontal  litie). 
the  Fermi  level  first  decreases  as  pn  is  increa.sed  (increasing  Li  concentration,  mostly  as 
acceptors),  until  eventually  it  saturates;  at  that  point,  each  Li  has  an  equal  chance  of  being 
incorporated  as  an  interstitial  or  as  a  substitutional. 


Figure  1:  Contour  plots  describing  the  behavior  o/ Li  impurities  in  ZnSe,  at  600  I\.  ns  n 
function  of  7m  and  Li  chemical  potentials.  Solid  lines  indicate  bounds  on  pzn  o’ld  pi,  (sef 
text),  (a)  logio  [Li|.  where  [Li)  rs  the  total  Li  concentration  in  rm*’;  (b)  Fermi  level  iin 
eV,  referred  to  the  top  of  the  valence  band):  (c)  logw  [Liz„j.  the  concentration  of  lA  on 
substitutional  sites:  (d)  logio  [Lii],  the  concentration  of  Li  on  interstitial  sites. 

The  chemical  potentials  are  subject  to  strict  constraints,  imposed  by  the  energies  ol 
other  phases  that  can  be  formed  from  the  constituents.'  These  bounds  are  indicated  by 
solid  lines  in  Fig.  1.  The  formation  of  bulk  Zn  puts  an  uppcrbound  on  pza'.  Pz^'  =  /‘Zniuiiki 
Similarly,  formation  of  bulk  Se  puts  a  lower  bound  on  pzn,  since 

PZn  +  PSr  =  PZnSe  =  PZn(bulk)  +  /TSttbull)  +  A///(ZnSe)  (  1) 

where  AH/  (ZnSe)  is  the  heal  of  formation  of  ZnSe  (AHj  is  negative  for  a  stable  com 
pound).  It  follows  that  Pz),"  =  PZnibnik)  +  AH/  (ZnSe).  Calculated  heals  of  formation  are 
listed  in  Table  1. 

To  find  an  upper  bound  on  the  Li  chemical  potential,  one  may  consider  Li  bulk,  but  it 
turns  out  that  a  much  more  stringent  constraint  is  imposed  by  formation  of  the  compound 
Li  jSe,  leading  to  a  bound  defined  by  the  erpialion; 


r'i 


-PLi  +  Psc  -  PLijSc  —  '-^puibuik)  +  /'sc(buik)+A///(Li2,Se) 
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I’able  1:  Theoretical  and  experimental  (Ref.  9)  heats  of  formation  (in  eV  per  formula 
unit)  for  various  materials  containing  Zn,  Se,  Li.  Na,  and  N.  .Also  listed  is  the  minimum 
formation  energy  (corresponding  to  maximum  concentration)  for  the  neutral  substitutional 
acceptor  in  ZnSe,  and  the  corresponding  minimum  Fermi  level  position  (in  eV.  referred  to 
the  top  of  the  valence  band),  at  600  A. 


solubility-limiting 

A//}'* 

compound 

Ep 

pmin 

^form 

ZnSe 

-1,39 

-1.69 

ZnSe;Li 

LijSe 

-4.12 

-3.96 

0.13 

0.46 

ZnSe:Na 

Na2Se 

-3.13 

-3.54 

0.44 

1.08 

ZnSe:N 

ZnaNj 

- 

-0.24 

0.09 

0.,38 

The  point  where  this  line  intersects  the  lower  bound  on  pzn  is  given  by  p'(.  =  /ii.iih.iiii)  ^ 
jAW/ILijSe).  The  corresponding  formation  energy  of  the  neutral  acceptor,  and  the  self- 
consistently  determined  Fermi  level  are  also  listed  in  Table  1. 

These  contour  plots,  along  with  the  bounds  on  the  chemical  potentials,  provide  impor¬ 
tant  insights  regarding  the  solubility  of  Li  in  ZnSe.  Our  results  indicate  that  Li  incorpo¬ 
ration  strongly  depends  on  the  growth  conditions;  in  particular,  the  ratio  of  interstitial.-; 
to  substitutionals  can  be  suppressed  by  lowering  pzn  (see  Figs,  l.c  and  l.d).  This  simul¬ 
taneously  increases  the  total  Li  concentration,  which  reaches  its  maximum  in  the  lower 
right-hand  corner  of  the  accessible  region,  where  pza  =  Azn"  t't-i  =  t'u-  These  results 
are  in  good  agreement  with  experimental  observations  on  ,VlBE-grown  Li-doped  samples, 
in  which  the  Li  solubility  was  found  to  be  limited,  and  the  concentration  of  Li  interstitials 
varied  from  sample  to  sample  (indicating  the  dependence  on  growth  conditions).”^  " 

Sodium 

Figure  2  summarizes  our  results  for  Na  in  ZnSe.  The  qualitative  behavior  of  Na  is  quite 
similar  to  Li:  both  substitutional  and  interstitial  configurations  occur,  and  the  solubility 
is  limited  by  the  formation  of  the  compound  NajSe.  There  is  a  pronounced  qu.rntitalive 
difference,  however,  in  the  value  for  the  solubility:  Fig.  2. a  indicates  that  total  .Na  incorpo¬ 
ration  is  limited  to  10‘®  cm"’,  i.e.  three  orders  of  magnitude  lower  than  Li.  These  result^ 
explain  the  experimental  failure  of  doping  attempts  with  Na.'^ 

Nitrogen 

We  have  found  that  N  does  not  suffer  from  the  substitutional/interstitial  competition 
associated  with  the  column  !  elements.  Nitrogen  on  a  substitutional  Se  site  is  a  shallow 
acceptor;  N  on  a  substitutional  Zn  site  is  a  donor,  but  has  a  very  large  formation  energy. 
The  bounds  on  the  N  chemical  potential  arise  in  this  case  from  the  Zn3.N2  compoutul. 
as  well  as  from  N2  molecules.  The  contour  plots  for  ZnSe:N  (not  shown  here)  indicate 
that  N  has  the  highest  solubility  of  the  dopants  investigated  here.  Under  optimum  growth 
conditions,  the  hole  concentrations  that  can  be  obtained  are  high  enough  for  useful  deviie 
applications,  making  nitrogen  the  most  promising  among  the  dopants  studied  here. 
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Figure  2:  Contour  plots  describing  the  behavior  o/ Na  impurities  in  ZnSe,  at  600  A.  ns  a 
function  o/Zn  and  Na  chemical  potentials.  Solid  lines  indicate  bounds  on  p.2n  ^^^d 
text),  (a)  logiQ  [Na].  where  [Na]  is  the  total  .Va  concentration  in  rrn"^;  (b)  Fermi  Urd  {in 
eV,  referred  to  the  top  of  the  valence  band^-  The  concentration  o/Na,  is  much  lower  than 
that  o/Na^p.  oi’er  the  whole  of  the  accessible  range. 

CONCLUSION 

We  have  presented  a  theoretical  investigation  of  acceptor  dopants  in  ZnSe.  based  upon 
a  thermodynamic  formalism  and  state-of-the-art  first-principles  calculations.  Our  results 
not  only  provide  quantitative  information  upon  impurity  incorporation,  but  can  a'so  serve 
as  a  guide  in  exp/oririg  opcitnurn  growth  condltfons. 
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INTERSTITIAL  IMPURITIES  IN  WURTZITE  VS. 
ZINCBLENDE  SEMICONDUCTORS:  THE  CASE  OF  H  IN  SiC 

M.A.  ROBERSON  AND  S.K.  ESTREICHER 

Physics  Department,  Texas  Tech  University,  Lubbock,  TX  79409-1051. 


ABSTRACT 

Most  compound  semiconductors  crystallize  in  the  zincblende  or  the  wurtzite  struc¬ 
tures.  In  both  cases,  all  the  host  atoms  are  letrahcdrally  coordinated.  However,  the  two 
lattices  have  no  high  symmetry  Interstitial  sites  in  common.  .As  a  result,  the  stability, 
lowest-cnergy  configuration,  electronic  structures,  and  barriers  for  diffusion  of  interstitial 
imptirities  are  in  general  very  different.  This  situation  is  illustrated  here  in  the  case  of 
interstitial  H  in  3C  (zincblende)  and  2H  (wurtzitel  SiC  The  results  can  be  used  U, 
obtain  the  properties  of  H  in  other  hexagonal  polytypes.  in  particular  6H-5iC. 


INTRODUCTION 

Nearly  till  the  theoretical  studies  of  properties  of  iinptirities  and  defects  in  'cmicon- 
ductors  deal  with  hosts  that  crystalliz.e  in  the  diamoml  or  zincblei.  ie  structtircs  and  of 
those,  most  of  the  research  focuses  on  Si  and  G«.4.s.  There  is  less  impetus  to  conduct 
similar  extensive  studies  in  compounds  that  have  the  wurtzite  structure.  Ihis  is  due  at 
least  in  part  to  the  fact  that  it  is  often  difficult  to  tlope  them  bt>ih  n-  and  p-type.  i.e.. 
easily  make  devices  with  them. 

However,  as  this  very  symposium  suggests,  there  is  an  inert-asing  interest  in  inon' 
exotic  semiconductors,  where  ‘'exotic"  refers  to  materials  that  have  extreme  properties, 
such  as  the  ability  to  withstand  high  temperatures  or  large  doses  of  radiation.  Further, 
considerable  improvements  in  the  growth  and  purity  of  films  and  single  crystals  makes 
these  materials  more  readily  available  than  e -er  before. 

.Among  these  semiconductors,  SiC  is  special  because  it  is  found  in  a  large  number  of 
,.o!ytypes.' .As  discus.scd  in  Ref.  1,  a  “et  of  50  layers  of  SiC  can  theoretically  crystallize 
in  93,813,507  diffi'rent  ways,  with  cubic,  hexagonal,  rhombohedral,  or  trigonal  structures. 
Ftirther,  many  polytypes  can  be  do]>ed  ti-  and  p  t  ,i)e.^ 

.Although  some  properties  of  intrinsic  defects  have  been  studied  in  -several  wide  band- 
gap  semiconductors.'  little  is  known  about  tin'  basic  jiroperties  of  impurities:  diffusion 
of  shallow  dopants,  structure  of  deep-level  impurities,  interactions  with  hydrog'  H.  etc. 
In  most  c.ises.  the  |)roblems  t hein.si'lv<’s  have  yet  to  be  cl''arly  formulated.  For  example, 
does  atomic  H  passivate  shallow  acceptors  or  donors  in  SiC  as  it  docs  in  SC.  Direct 
extrapolation  of  th.c  known  inoperties  of  H  in  Si  or  Gu.A.s  to  materials  such  as  cubic  R.V 
or  GH-5'C  are  not  necessarily  correct,  ami  there  is  little  doubt  that  experimenttd  and 
theoretical  studies  will  bring  new  and  uiiexp<  cted  results. 

In  this  paper,  we  will  briefly  discuss  the  different  structures  of  StC,  the  key  charac¬ 
teristics  of  the  various  interstitial  sites,  and  summarize  the  results  of  our  calculations  for 
interstitial  H  in  the  cubic  form  of  SiC  (3C,  zincblende,  or  S-SiC)  and  in  the  hexagonal 
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polytypc  which  is  the  most  difFcrcnt  from  it  (2H,  wurtzitc,  or  one  of  tlie  a-SiC).  These 
results  can  bo  used  to  determine  the  properties  of  H  in  other  hexagonal  i)olytyi)es. 

Our  calcidations  were  done  in  large  clusters^*®  near  the  ab  initio  Hartreo-Fock  level, 
with  the  method  of  PRDDO.^  To  study  3C-5/C,  we  used  aiifl 

Si4CiHi%  to  convince  ourselves  that  cluster  size  effects  are  small.  For  2H*5iC,  we  used 
Si'i^C'idHso  and  5?2i^24^f46-  The  smallest  cluster  that  contains  all  the  interstitial  sites 
of  6H-5iC,  the  most  stable  of  all  polytypes,  is  Si69^6d^94-  This  clu.ster  is  too  large  for 
the  current  version  of  the  code.  However,  the  properties  of  H  in  6H-S;C  can  be  obtained 
from  our  results. 


STACKING  SEQUENCES  AND  INTERSTITIAL  SITES 


The  various  polytyj^es  of  SiC  differ  by  the  way  the  Si  —  C  pairs  are  stacked  along 
the  c-axis  (Fig.l).  In  the  familiar  zincblende  (or  3C)  structure,  the  sequ*’nce  involves 
three  layers  which  are  repeated  periodic:dly  [ADC  ABC  ABC  . . All  the  Si  -  C  bond 
lengths  arc  the  same,  and  the  angles  an*  exactly  tetrahedral. 

In  the  wvirtzite  (or  2H)  structure*,  only  two  layers  are  repeated  {AD  AD  AD  ...). 
The  Si  -  C  bond  length  along  the*  stacking  direction  (Ij|)  is  not  ecpial  to  that  which  is 
aj)proxiiuately  perpendicular  to  it  (Ix).  an<l  the  angles  arc  not  exactly  tetralu'dral.  In 
the  OH  polytyi)e,  the  ba.sic  sequence  involves  C  layers  {ADC AC D  ABCACD  . . .). 


J  Itit’ltK  1:  Sfatking  s«'<}in’mTs  in  3H-.  aiiW  till  St(-  hikI  ry  iiiUTslitial  sjU’s 

(x'l'  rin*  tTosNfs  .'ihow  iIh*  ininiiiia  of  t|io  potf'iilial  «MHTg\  Mirfaci*  f«*r  mtrrstilial 

//.  tiif  o{ict>  nrclrs  ar<*  nhiKIIo  poiiils.  hihI  ihi*  full  <  trrlt-s  aro  not  '^tatlona^y  points 
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The  various  high-symiiictry  interstitial  sites  are  shown  in  Fig.l.  The  bond- centered 
(BC)  sites  differ  from  each  other  hy  the  amount  of  relaxation  which  ran  he  achieved,  that 
is  mainly  hy  how  much  room  is  available  for  the  bond  to  expand.  The  bond- rent cri'd 
site  that  ran  stretch  the  most  is  BCj_  in  2H-SjC:  The  C  and  Si  atoms  are  2.32  A  away 
from  the  nean'st  high-symmetry  interstitial  site  (denoted  R  in  Fig.l).  Next  comes  BC 
(in  3C-5iC),  where  the  C  and  Si  atoms  are  1.84  .A  away  from  T  sites.  Finally,  BC||  is 
the  most  cro\  ded,  with  its  nearest  neighbors  (NNs)  only  1.23  -A  away  from  T'  sites.  It 
can  be  seen  ii  Fig.l  that  intermediate  situations  are  realized  in  6H-5fC. 

The  tetrahedral  interstitial  (T)  sites  have  a  subscript  which  refers  to  their  4  NNs. 
The  differences  between  T  (in  3C-S/C)  and  T'  (in  2H-5iC)  are  readily  visible  in  Fig.l. 
However,  in  CH-SiC,  there  are  two  T.s,  (and  two  Tf)  sites  which  have  the  same  NNs  as 
the  T  sites  in  3C-5;C,  but  differ  from  them  by  further  shells. 

The  hexagonal  polytypes  have  two  interstitial  sites  with  no  counterpart  in  the  cubic 
structure.  We  labeled  them  R  and  E.  Finally,  the  hexagonal  interstitial  (H)  sites  are 
almost  identical  in  rjl  the  polytypes.  They  are  near  the  saddle  points  of  the  potential 
energy  snifaccs  (PES)  for  light  interstitials  such  as  H . 


INTERSTITIAL  HYDROGEN 

In  the  past  ten  years,  interest  in  the  properties  of  H  in  semiconductors  has  grown 
enormously,**  Hydrogen  passivates  the  electrical  activity  of  a  number  of  shallow  and  deep 
centers,  activates  some  normally  inactive  impurities,  enlmnces  the  diffnsivity  of  interstitial 
0,  ami  forms  a  varu'ty  of  extended  complexes  which  are  still  poorly  understood.  Bccatise 
it  is  light.  H  diffuses  rather  easily.  Since  the  pre.sence  of  most  imptirities  results  in 
incompletely  saturated  bonds,  H  interacts  with  many  defect  centers  by  saturating  weak 
boiuls,  rcarrangitig  the  loctJ  structure,  thus  .shifting  energy  levels 

Hydrogen  is  so  active  that  in  fact  imich  less  is  known  abotit  isolated  H  in  the  perfect 
lattice  than  about  complexes  such  as  {//.A}  pairs,  where  A’  is  a  donor  or  an  acceptor. 
■Much  of  the  experimental  information  about  isolated  hydrogen  steins  from  union  spin 
rotation  (/iSR)  spectroscopy,”  i.e..  the  information  is  about  the  [lositive  muons,  a  light 
isotojie  of  the  proton. 


Summary  of  nSR  data 

.■It  low  temperatures,  three  centers  are  observed  in  diamond  and  silicon,  with  relative 
abundances  largely  independent  of  the  doping.”  The  most  abundant  center  (about  Po'X 
of  incoming  muons)  is  called  normal  nmonium  (d/a)  and  is  characterized  by  tin  isotroi>ic 
hyperfine  tensor  with  a  delocalized  but  still  mostly  atomic  wavefnnetion.  Then  comes 
anomidous  innonium  (A/a*),  which  Inis  a  highly  anisotropic  hyperfine  tensor,  with  most 
of  the  unpaired  electron  localized  on  two  NNs  to  the  muon,  and  a  nearly  zero  value  of 
the  Fermi  contact  density.  In  diamond  and,  to  a  lesser  extent,  in  Si  there  is  experimental 
evidence  of  a  Mu  — >  Mu'  transition  at  higher  temperatures,  showing  that  Mu’  is 
the  more  stable  of  the  two  iniraniagnetic  species.  Finally,  less  tlnin  lO'X  of  incoming 
muons  form  /i”’,  which  is  not  |)aramagnetic.  In  Si.  both  ])ariunagnetic  species  undergo 
transitions  to  as  the  temperature  is  increa.setl  to  room  temperature,  but  in  diamond. 
.Mu'  is  stable  (and  immobile)  up  to  at  least  1,000  A  . 
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The  basic  chemistry  o{  these  centers  Wics  proposed  l)y  Symons  and  Cox  and  Syiuoiis 
The  models  they  proposed  for  .\h,  and  Mu'  were  later  confirmed  by  more' rigorous 
theoretical  studies.''  It  i.s  now  accepted  that  Mu  corre.spoiids  to  /i+t"  located  on  the 
average  at  the  T  site,  and  Mu'  to  p+c”  at  a  relaxed  bond-centered  site,  with  the  odd 
electron  in  a  non-bonding  orbital  primarily  localized  on  the  two  NNs  to  the  muon.  Finally, 
p  is  Mu  ,  the  ionized  ver-sion  of  bond-centered  iiiiiouiuni.  However,  the  possibility  of 
a  Mu  species  cannot  be  ruled  out  by  the  available  experimental  data. 

A  few  pSR  experiments'"  were  performed  in  GH-  and  3C-SiC,  and  the  results  show 
qualitative  diffeiences  between  StC  and  diamond  or  Si.  First,  no  Mu'  signal  is  seen 
in  SiC  at  any  temperature.  Then,  in  GH-SiC,  at  low  temperatures,  the  pSR  spectrum 
consists  of  i^ree  Mu  signals,  labeled  Mu  '>.  Mu^" .  ami  Mu».  At  room  temperature. 
ilu  and  Mu  merge  into  Jl/ii'*,  and  only  two  signals  remain.  Finally,  in  3C  SiC 
Mu  and  ,1+  are  present  at  low  temperature,  but  p+  undergoes  a  transition'to  Mu  as  the 
temperature  is  increased. 


Theoretical  prediction.s 

V\e  have  calculated  the  potential  energy  surface  (PES)  for  H  in  3C-  and  ‘’H-5iC 
.4t  the  local  minima,  both  first  and  second  XN  atom  shells  were  allowed  to  relax  and  the 
electronic  configurations  obtained.  Finally,  the  barriers  for  tiiffusion  between  the  various 
minima  were  estimated. 

Figure  2  shows  the  relative  energies  of  H  at  various  sites  in  diamond.  S)  3C-  '"H- 
and  6H-S>C.  All  these  values  have  been  obtained  with  PRDDO  in  our  largest  clust'ers, 
after  relaxation  of  the  first  and  second  XN  atoms  around  H  (with  the  exception  of  E 
sites,  which  are  very  shallow  minima  ami  very  high  in  energy).  Figure  3  shows  upiier 
limits  for  the  barriers  for  diffusion  of  //  between  the  various  minima. 
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riCiURI^  3:  Barriers  for  diffosion  for  II  m  3C’-  and  2H  5»C- 


Dlscusslon 


It  is  cicav  from  Fig. 2  that  both  interstitial  sit<*s  in  Si  arc  much  more  stable  than 
any  site  in  StC.  Thus,  if  a  StC  film  is  grown  on  a  Si  sxihstratc.  interstitial  H  will  not 
spontaneously  diffuse  from  Si  towards  SiC,  but  remain  in  the  Si  lattice. 

Hydrogen  passivation  is  efficient  in  Si  because  H  diffuses  readily  at  teinperattircs  at 
which  most  {X,H]  rompIexe.s  (.V  =  donor  or  acceptor)  ar:  stable.  In  SiC.  the  barriers 
for  diffusion  of  H  are  very  high,  which  suggests  slow  diffusion.  Thus,  unless  {-V.  H]  pairs 
are,  for  some  rea.son.  much  more  stable  in  SiC  than  in  St.  we  expect  hydrogen  passivation 
to  be  quite  difficult  to  achieve  in  SiC. 

While  the  DC  sites  are  tlie  most  stable  for  H  in  diamoinl  and  Sf.  they  an'  not  the 
lowest-energy  sites  in  SiC.  We  projtose  the  following  id<’ntifi<  ation  of  the  pSR  species. 

In  the  3C  polytype,  T.v,  is  pr<'ferred.  although  not  by  much.  The  high  bjirrier  between 
DC  and  T.s,  suggests  that  both  sites  could  hv  populated  at  low  t<*mperatures.  Since  Tc 
is  nmch  higla'r  in  energy,  only  one  Mu  signal  .should  be  seen,  associated  with  Tv,.  Mu* 
and  «'orrespoinl  to  the  DC  site.  Which  of  the  two  is  observed  may  dep('nd  on  the 
doping  of  tin*  sainj)le  and  otluT  factors.  Howev<T.  at  higher  temp(Tatuies,  a  — »  A/u 

(or  Mu*  — *  Mu)  conversion  shotihl  occur. 

In  2H-5zC,  the  R  site  is  the  lowest  in  <*nergy.  Adjacent  R  sites  are  separated  by  a 
high  barrier  and  are  far  apart.  This  suggests  that  //  or  Mu  sho\d<l  be  strongly  localizt'd 
the  re.  Some  population  of  BCi  is  possible  at  low  temperatures,  but  .Mu*  or  sho\dd 
readily  convert  to  Mu  as  the  temperature  is  increase<i.  Thus,  the  /zSR  spe'ctrum  of 
2H-5/C  should  i)e  very  simple. 

In  6U  SiC.  we  <’.xpeet  the  barriers  to  b<'  of  comparable  lu'ight  to  tho.s<‘  in  tlu'  othe  r 
})olytyj)es  of  SiC.  thus  alhnving  three  local  minima  of  the  PES  to  be'  populated  at  low 
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t,cnip(Taturos.‘^  R  (for  Mu^^)  ami  the  two  slightly  incqiiivaJent  T5,  sites  (for  Mu'^^  and 
Mu  '^^ ^).  A  small  contribution  of  the  BC  site  cannot  be  ruled  out,  but  the  corresponding 
signal  should  convert  to  at  higher  temperatures.  Rapid  tluTmal  diffusion  between 

tlie  two  Tsi  sites  could  be  responsible  for  the  conversion  of  Mu'^^  and  to 

at  room  temperature. 
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POTENTIAL  ENERGY  SURFACES  AND  STABILITY  OF  O  IN 
ELEMENTAL  AND  COMPOUND  SEMICONDUCTORS 

S.K.  ESTREICHER,  M.A.  ROBERSON,  C.H.  CHU.  and  J.  SOLINSKYR 
Physics  Department.  Texas  Tecli  University,  Lubbock.  TX  79409  1051. 

ABSTRACT 

Potential  energy  surfaces  and  electronic  structures  of  interstial  oxygen  (O,)  in  cubic  C. 
Si,  AtP,  SiC,  and  DX  have  been  calculated.  The  equilibrium  site  is  a  bent-bridged 
bond.  In  compound  semiconductors.  O,  has  a  larger  degrer-  of  bonding  with  the  most 
electronegative  of  the  host  atoms  {P.  C.  or  A')  than  with  the  least  electronegative  one.  In 
addition  to  the  barrier  for  rotation  of  O,  about  the  <  111  >  axis,  which  does  not  involve 
breaking  a  bond,  we  calculated  the  barriers  for  migration  between  adjacent  bonil-centered 
sites.  There  are  two  such  barriers  in  compound  semiconductors.  In  order  to  estimate  the 
relative  stability  of  O,  in  the  various  hosts,  we  ciilculated  the  energies  involved  in  inserting 
Ot  into  the  lattice  an<l  dissociating  it  into  two  isolated  0,'s. 

INTRODUCTION 

Oxygen  is  one  of  the  most  common  impurities  in  many  semironduetors.  In  Czorhralski 
Si,  it  can  reach  concentrations  of  10"'  (cm"'*).  The  properties  of  o.xygcn  in  Si  htive  been 
studied'  since  the  early  1950's.  The  most  stable  eonfigtiration  for  isolated  interstitial 
oxygeti  (O,)  is  a  bent  Si  —  O  -  Si  bond""'  with  bond  length  Si  -  O  a:  l.C  .4  and  bond 
tingle  SiOSi  ~  100°.  In  this  configuration.  O,  ran  rotate  almost  freely  about  the  <  111  > 
a.xis.'  The  harrier  for  diffusion  between  atljacent  equilibrium  sites,  which  we  label  botid- 
centcred  (DC)  for  convenience,  is  2.56  cl’  from  stress-induced  dichroism  experiments.' 
Despite  this  high  barrier.  O,  becomes  mobile  around  450  °C.  anti  oxygen- related  thermal 
donors  are  formed,'’  in  addition  to  other  aggregates  which  are  not  electrically  active. 
Finally.  O  is  also  found  at  vacancies  (.4-renter'’).  Interstitial  oxygen  and  the  .4-center  in 
Si  have  been  studied  theon-tically,'  but  recent  work  has  concentrated  on  O-related  jiairs 
!ind  iiKxlels  for  TD  formations.'  * 

In  this  paiier,  we  ri'port  sttidies  of  O,  in  severtd  group  IV  and  group  lll-V  cubic 
semiconductors:  C  (diamond).  St,  DP,  .AlP,  SiC,  and  DX.  Our  calculations  include  the 
equilibrium  structures,  the  barriers  for  rotation  and  rliffusion,  the  relative  stability  of  O, 
in  various  hosts,  and  a  search  for  treiuls.  A  similiar  invest igatioir  of  interstitial  H  in  the 
Siime  six  hosts  has  revealed  a  inimber  of  general  features  which  infi\ience  the  stability  of 
II  in  cubic  semicomhictors. 

The  calculiitions  were  iterformed  in  molectdar  clusters"'  at  an<l  near  the  ab  ini¬ 
tio  Hartree-Foek  (HF)  level.  Final  geometries  were  obtained  in  clusters  of  the  form 
OAnPiiN \2  using  the  method  of  partial  retention  of  diatomic  tlifferential  overlap" 
(PRDDO).  Gi’ometry  optimizations  iuvolverl  relaxations  of  the  first  and  second  near¬ 
est  neighbors  (.NNs)  of  (),.  S.vminetry  constraints  were  apjtlied  to  rediiee  the  number  of 
degrei'S  of  freedom.  The  barriers  for  diffusion  were  also  calculated  in  .smaller  clusters  at 
the  ah  miitii  IlF  level  using  split-valence  polarized  ba.sis  sets.  .4  conqilete  re])nrt  of  our 
results  will  be  publislied  el.sewlii're. 
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EQUILIBRIUM  STRUCTURES,  ROTATION,  AND  STABILITY 

Iiitrrstitial  oxygon  cannot  roniain  at  the  tetrahedral  interstitial  (T)  site  in  cubic  semi¬ 
conductors  because  O,  is  an  orbital  triplet  at  the  T  site,  and  is  therefore  Jahn-Teller 
unstable.  It  moves  off-center  towards  a  BC  site  and  strongly  binds  to  the  lattice.  The 
equilibrium  configuration  was  obtained  by  relaxing  O,  both  parallel  and  perpendicular 
to  the  bond,  and  allowing  its  first  an<l  second  NNs  to  relax  as  well.  This  process  was 
repeated  with  the  O,  oriented  at  various  angles  around  the  <  111  >  direction.  This  not 
only  produced  the  most  stable  BC  configuration,  but  also  gave  the  barrier  for  rotation  of 
oxygen  around  the  axis. 

•  Equilibrium  Configuration:  In  group  IV  hosts,  O,  remains  in  the  plane  bisecting 
the  original  host-host  bond  and  forms  an  equally  strong  bond  with  its  two  NN's.  In  III-V 
hosts.  O,  moves  off  the  bisecting  plane  and  forms  a  bond  with  a  larger  degree  of  bonding*^ 
with  the  most  electronegative  (ME)  of  its  two  NNs,  and  a  bond  with  a  smaller  degree 
of  bonding  with  the  least  electronegative  (LE)  one.  This  is  ilhistratcd  in  figure  1  in  the 
cases  of  Si  and  AlP. 


FIGL'Hl'  1:  Ca!<Milalod  c<|iiilibri»nn  configurations  for  O,  in  St  and  AlP.  In  elemental  hosts, 
0|  has  a  symmetric  confignralion,  wliile  in  cornponnds  the  degree  of  bonding  to  the  MK  atom 
is  larger.  Tlie  ftgtirc  gives  tbe  botnl  lengttis  (A),  the  degrees  of  bonding,  ami  the  O,  bond 
angle.  The  <Jashetl  circles  show  the  tjndi.sturl>e<l  locations  of  the  ho.'it  atoms. 


In  compound  hosts,  the  puckered  bond  is  oriented  in  a  way  that  optimizes  the  overlap 
between  O,  aiul  one  of  its  .second  NNs:  Oxygen  is  always  closest  to  one  of  the  three  second 
NN  host  atoms  with  the  largest  eovalt'iit  rn<litis.‘*  The  calcnlatetl*^  dipole  moinents  of 
(),  are  much  larger  in  compotind  than  in  elemental  semiconductors. 

•  Barrier  for  Rotation:  The  harrier  for  rotation  of  O,  almtit  the  <  111  >  axis  does  not 
involve  breaking  a  coval(Mit  boiifl.  except  for  the  (small)  overlap  with  one  of  the  second 
NNs  to  (),.  We  obtained  this  harrier  by  reoptimizing  the  geometry  (first  and  second  NNs) 
for  vari()us  orientations  of  (),  about  the  <  111  >  axis.  This  procedure  assumes  that  the 
lattice  has  enough  time  to  fully  relax  as  O,  rotates,  and  therefore  temls  to  unde’iestiinatt' 
the  harrier.  The  calculat<'d  harriers  for  rotation  arc  shown  in  fig\iro  2.  The  ])arrier  heights 
correlate  with  the  Pauling  ionic  character*"’  f>f  tlie  host. 
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•  Relative  Stability:  In  order  to  detennino  the  relative  stability  of  O,  in  the  various 
hosts,  \vc  needed  to  evahtatc  the  energies  relative  to  a  eonimon  zero.  \Vc  defined  the 
reference  point  as  that  of  free  0>.  far  ontside  the  imdistnrbed  cluster  Then,  we 

optiiniz.ed  the  geometry  of  the  0>  molecnle  near  the  T  site  in  the  clusters  ("O'  "  )■  Finally, 
we  compared  these  energies  to  that  of  two  isolated  0,’s  in  the  same  host.  For  example, 
in  the  ea.se  of  Si,  we  compared  the  following  energies:  Ej  =  2E(5i.| i //42)  +  E(OJ^). 
E-i  =  E(Si\.iH.\2)  +  EiSi.iiHfi  +  Oj  ).  and  Ej  =  2E{SiiiHi2  +  O,)-  Figure  3  shows 
Ei  -  El  and  Ei  -  Ej  ns  functions  of  the  lattice  constant.  For  hosts  with  a  small  lattice 
ron,stant,  the.se  energy  differences  depend  on  the  volume  available.  However,  other  factors 
include  the  strengths  of  the  host  atoin  O  bond,  as  well  as  the  overall  stability  of  and 
of  O,  in  various  hosts.  For  large  lattice  constants,  the.se  other  factors  dominate  and  the 
trend  is  lost. 

In  all  eases.  Oj  is  unstable.  While  the  0  —  0  bond  in  Oif  is  a  double  bond,  it 
becomes  a  .single  bond  when  the  molecule  is  in.serted  into  the  lattiec.  at  a  great  cost  in 
energy.  Our  results  are  consistent  with  O'  dissociating  readily  and  forming  two  O.'s  in 
all  the  hosts. 


I'KlfltK  3;  I'ppcr  curve: 
h'j  -  f-'i  IS  tlir  Anioiuil  of 
oiH'rgy  m'Ctlotl  to  inx-rt  a 
fro<'  On  rfu>locu!<'  iiHo  jJk' 
cliistrr  iirar  the  T  sito  as  a 
fuiirtion  of  the  lattice  con- 
Mam  <J/, , 

Lower  curve:  -  Aj  i.*; 

the  ruerji'y  gailietl  hy  ili.b- 
sociatmg  ()j  at  the  1'  sitt' 
aci'l  forriimg  (wo  i.solatett 
O.'s. 


364 


BARRIERS  FOR  DIFFUSION 

In  compound  somicondnctors,  there  are  tsvo  inequivalcnt  ways  for  O,  to  go  from  one 
ronfig\tration  to  another:  The  diffusion  can  he  described  as  a  rotation  about  the  ME  or 
the  LE  host  atom  to  which  it  is  attached.  Diffusion  will  result  only  from  overcoming  the 
largest  of  the  two  barriers.  In  our  notation,  the  "A-barrier”  refers  to  O,  mo\  ing  from  one 
BC  site  to  the  next  while  preserving  the  O,  —  .4  bond,  where  ,4  is  one  of  the  host  atoms. 
For  all  the  diffusion  barriers  studied,  the  atom  about  which  O,  was  rotating  maintained 
approximately  the  same  bond  distance  and  degree  of  bonding  with  O,.  It  is  the  other 
bond  which  affects  the  barrier  height  the  most. 

We  experienced  a  number  of  difficulties  when  calculating  these  barriers.  One  problem 
is  thiit  the  bonds  Involving  O,  are  strong,  and  breaking  them  costs  a  lot  of  energy.  .4t  the 
transition  point,  the  electronic  structures  are  difficult  to  describe  with  one-determinant 
wavefunctions,  since  stretchetl  or  brttken  bonds  involve  much  more  electron  correlation 
than  the  equilibrium  configuration.  Further,  some  of  the  barriers  are  very  high  and  very 
narrow  while  others  involve  very  large  rlisplacements  of  the  atoms.  Finally,  there  are 
at  least  IS  degrees  of  freedom  that  .should  be  cousideretl  when  optimi/.iitg  the  transition 
point  geometry.  We  used  .symmetry  to  lotver  the  number  of  degrees  of  freedom. 

We  have  painstakingly  optimized  the  geometries  at  the  saddle  jtoints  with  PRDDO, 
and  calculated  the  barrier  heights  using  clo.sed-shell  and  unre.stricted  ojten-.shell  wavefunc¬ 
tions  (PRDDO).  as  well  as  polarized  sjdit -valence  basis  sets  {ah  iniixo  HF).  The  PRDDO 
calculations  were  done  in  our  largest  clusters  (OAnDnHxi )  and  the  ab  intlto  calculations 
in  OAiB.iffis-  Suftrisingly,  in  many  ca.ses.  the  barriers  obatined  with  all  three  methods 
were  within  a  few  tenths  of  an  cl’  of  each  other.  In  a  few  rases,  however.  large  discrepen- 
cios  occured,  cattsed  by  a  dependence  on  basis  set.  electron  correlation,  and/or  cluster 
size.  Some  of  the  factors  which  affect  the  barriers  are  the  bond  strengths'''  between  the 
various  atoms  involved,  the  degree  to  which  the  bonds  are  stretched  at  the  saddle  points, 
the  distance  that  0,  actually  moves  and.  if  there  are  broken  bonds  at  the  transition  iioint. 
the  stability  of  odd  electrons  on  the  various  atoms.  We  stre.ss  that  tlie.se  barriers  arc  the 
weakest  part  of  our  results  and  should  be  interpretated  with  caution. 

•  Diamond:  The  calculated  barrier  for  diffusion  is  3.2  rf  with  PRDDO  and  3.Ccr  at 
the  ai  initio  level.  .At  the  liarrier.  the  two  C  -  O  bonds  are  stretched  by  some  25'X.  The 
seperation  betrveen  adjacent  BC  sites  is  0.64  .4.  The  calculatml  barrier  is  only  slightly 
lower  than  the  3.7  d’  of  the  C  -  O  single  bond  strength. 

•  Si:  The  distance  O,  has  to  travel  in  order  to  move  from  one  BC  site  to  the  next  is  l.S  .A. 
the  largest  distance  of  all  the  hosts  we  considen'd.  .At  the  transition  jioint.  tin'  Si  —  O 
bonds  are  stretched  by  some  34 'X  and  are  nearly  broken.  .As  a  result  electron  correlation 
effects  arc  larger  at  the  transition  point  in  Si  than  in  most  other  hosts,  where  the  '.Kinds 
are  stretched  much  less.  It  is  thiTefore  not  su|)rising  that  the  barrier  for  diffusion  in 
Si  .shows  a  strong  bn.sis  .set  dependence.  We  found  the  barrier  to  be  over  4  d'  in  large 
clusters  with  PRDDO,  only  a  little  lower  than  the  Si  -  O  bond  strength  (4.7  d')-  If  the 
same  geometry  is  used  in  smaller  clusters  with  ah  mitio  HF  and  a  6-31G*  basis  set,  the 
barrier  drojis  to  2,3d''.  However,  when  second-order  Moller-Ples.set  corrections  (.MP2)  in 
ek’ctron  correlation  are  added,  the  barrier  increases  to  2.7  d  . 

•  BP:  The  O  -  D  and  O  -  P  bond  strengths  are  5.5  d'  and  3.9  f  1’,  respectively.  The 
calculated  B-barrier  is  3.5  d',  with  the  O  ~  P  bonds  stretched  by  17%.  The  calculated 
P  barrier  is  3.S  d'  ami  the  B  -  O  bonds  are  stretched  by  25%  .  Both  barriers  are  about 
the  same  at  the  PRDDO  and  ah  initio  HF  levels.  The  distance  between  neighboring  BC 
sites  is  about  1.0  .4  for  both  barriers. 
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•  AlP:  Tiio  1)011(1  strcii.^ths  are  Al~0  =  4.6rl''  au<l  P  —  O  =  3.9rl\  As  in  Si,  tho  lattice 
constant  of  AIP  is  large,  the  distance  between  BC  sites  is  substantial,  and  the  bonds  are 
nearly  lr>roken  at  tlic  transition  point.  The  barrier  height  varies  again  with  basis  .set.  Our 
best  ('stiinatc'  is  2.0  cV  for  the  A/-!>arrier.  The  P-barrier  is  still  under  study. 

•  SiC:  The  ()  —  Si  and  O  —  C  bond  strengths  are  4.0  cl"  and  3.7  cV.  repcctivt'ly.  The 
calculated  C  barrier  is  4.7  rV*  and  the  5t-barrier  is  about  1.0  cV'^. 

•  BN:  Tlie  case  of  By  combines  the  weakest  and  strongest  oxygen-host  bonds:  O  —  .V  = 
2.1  cl’,  O  —  B  =  5.47  cl’,  while  B  —  N  is  intermediate  (4.0cl'),  the  only  such  occurence 
for  the  hosts  studied  here.  Further.  O,  is  heavier  than  eacli  of  the  host  atoms.  In  the 
low(‘st-energy  configuration.  O,  is  nearest  to  a  N  host  atom  and  strongly  overlaps  with 
two  B  atom.s.  This  ‘'DC"  configuration  is  actually  jilmo.st  at  the  “A"-barrier*"  transition 
])oiiit.  and  the  only  barrier  for  diffusion  is  the  P-barricr.  In  order  to  migrate.  O,  rnnst  first 
rotate  by  G0°  (which  r(‘({uir('s  ov<T0.7cr).  Tlien,  its  configuration  clianges  to  a  puckered 
BC  bond  similiar  to  configurations  found  in  other  hosts.  From  this  configuration,  the 
P-barrier  is  an  additional  1  cV. 


DISCUSSION 

The  lowest  energy  configuration  for  isolat('(l  O,  in  cubic  C.  Si.  BP.  AIP.  SiC.  and 
BX  is  a  ptickoH'd  BC  bond.  The  bond  angle  is  1G7®  in  Si.  and  much  smalhT  in  the 
otluT  hosts.  The  bond  puck<‘rs  oward  th<'  secoml  NX  to  O,  which  has  thi'  larger  covalent 
radius. 

In  elemental  hosts.  O,  is  symmetrieally  located  betw('(‘n  its  two  NX’s.  In  romi)otind 
hosts,  O,  has  a  largcT  d('gr(‘('  of  bonding  with  the  ME  host  atom  than  with  tin’  LE  one. 
The  cnlculafi'd  dipole  moment  of  the  defect  is  mucli  larger  in  compound  tlinn  in  ('lementaf 
hosts. 

The  harrier  for  rotation  of  O,  iiuTeas<‘.s  linearly  with  th<‘  Paiiling  ionic  character  of 
the  host,  the  low(‘st  barriers  of  rotation  corresponding  to  C  and  Si. 

It  cost  s  from  al>out  15rl'  to  50d  ’  to  insert  an  O,  inolcctih*  into  the  various  hosts.  Tlu' 
largest  amount  of  (’iiergy  is  re<iuir(‘d  in  stuniconductors  with  the  short('st  lattice'  ('onstant. 
X('ar  the  T  sif(’,  the  O  —  O  bond  is  a  .-itui/lr  bond,  not  the  dojible'  bond  cljaracteristir  of 
an  O2  molecule’.  The’  e-nergy  gaine'el  in  forming  two  i.solate'd  0,'s  is  shown  in  Fig. 3.  We 
diel  not  inve'stignte  the'  possible’  combinations  iiive)lving  two  0,'s  ne'ar  each  otluT. 

Because  O,  forms  two  une'ejual  bonds  with  the*  ho.st  atenns  in  conij>ound  hosts,  then* 
<irr  in  geiuial  twi;  ways  for  O,  le)  ge)  fre)iu  one*  BC  site*  to  the  next,  witli  two  different 
barrie'is.  The  calculat ie)n  of  l)arriers  fe)r  elitfusion  of  (),  are*  tricky,  in  j)arficular  when  O, 
must  move*  by  a  large*  elistnne’<‘  whe’ii  going  from  one*  BC  site  to  tlie’  next.  The  more*  the 
l)onds  are  stre’tclied,  the'  large'r  tlie  corre'latioii  <'lfe*ets.  and  the  more  une'ertain  the  result. 
In  St  anel  AIP.  O,  must  ine)ve  by  a  iarg(’r  distaiiee  than  in  other  hosts.  This  i(*sults  in 
stiejiigly  sf re’tclu’d  l)e)nds  and  Ijoriible*  electronic  e-onfigurations  at  the*  transition  point. 
Our  l»e’sf  barrieT  for  the  <iilFnsir)n  uf  (),  in  Si  is  2.7 ( I  .  This  nun)))i'r  was  eilitained  from  ah 
iii.ilio  calculal  ifiiiN  with  a  split  val<*ne'e  basis  se’t  followeel  l>y  MP2  treatments.  But  even 
tliis  imiiiber  may  ne)t  be*  that  reliable*  since*  it  was  obtaiiu'e!  in  a  small  e'luste’r. 
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A  COMPARISON  OF  THE  WURTZITE  AND  ZINCBLENDE  BAND 
STRUCTURES  FOR  SiC,  AIN  AND  GaN 

VV.  It.  I..  I..\MHltK('HT  and  H.  SlTiALL 

I  iiHMil  of  Physics,  ('aso  WVsic'in  riiivpisitv.  < 'l^vplaiid.  Oil  idlOti-nirO 


ABSTRACT 

Intal  c'MfMjjy  and  l>and  strnrluro  rpsnhs  of  linear-iuiiifiii-tin  nii>i(ai  ralculaf ions  wiilcitt  llic 
atonrn-spln'rn'apiiroximalion  aiP  pipspnted  for  Si(‘.  <'JaN  and  AIN  in  tlip  zinrMendp  and  tin* 
wnrtzili*  slniclnip.  Wp  disniss  ilip  origin  of  tlip  direclnpss  or  indireclnpss  and  tlip  ipiaiivp  niafi- 
Jiilndfs  of  llif^  hand  gaps. 


INTRODATCTION 

In  ordf'r  to  dpvploj)  apj)lirations  haspd  on  liipp|p<  ti<uiir  and  optiral  )>roppttips  of  flip  proniisinu 
wide  hand-gap  srniirondnrtors  SiC.  (Ja.N  and  AlN.  a  (horongli  knowh'dgp  of  llipir  hulk  Inuid- 
sirncinrps  and  p(prdil)iiuin  pioppiiips  is  ipcpiiipd.  Wliilp  soniP  of  liiis  inh)rniation  is  alipadv 
availa))}p,  it  appears  lliat  tliPie  has  not  ypt  hepii  a  systeinaiic  study  of  tlip  haiid-st nirl nres  of 
this  class  of  matPiials  using  the  sanip  approach.  Such  a  study,  which  has  tlip  advantagp  that 
a  ujiiformly  accurate  comparison  hptwppn  tliP  variotis  niatprials  and  strucifiips  can  I)p  made.  i« 
prcspnled  here. 

All  iinpoi  tant  aspect  of  tlipsp  materials  is  tlip  polymorphism.  \Vhile  SiC  has  a  large  nninl)ei 
of  polylypps.  the  nitrides  CiaN  and  .\IN  occur  naturally  onl>  in  the  wmtziie  iWZi  virniiMie, 
riiev  may.  however.  i)e  stahilizp<l  in  ‘he  zinchlende  (/|{)  structure  In  epitaxial  growlli.  While 
1  his  possihilily  has  already  heeii  demonstrated  for  ( JaN  [1].  it  is  still  a  challenge  for  AIN .  1  he  only 
report  (ifZa  Ai.V  refers  to  A/.V  fueerpRatPs  fonned  /nside  an  fvr  .U  tnatri.x  hv  .\-)on  implantailon 
[2].  ol)vi(mslv  a  non-e<piilihrium  situation. 

Tor  optical  appiicatiotis.  tlie  cpiestloii  wliether  the  handgap  is  direct  or  indirect  is  very  imi>oi- 
lant.  We  will  thus  pay  special  attention  to  this  issue. 


COMPUTATIONAL  METHOD 

I  he  unclerlying  co!U|)ui at ional  framework  used  in  rhis  work  is  the  density  fnnctiotial  i)m-oi\ 
[d]  ill  tin*  local  density  approximation  tl.DA).  I  lie  litiear  inulhn-iin  oihital  (I.M  lO)  method  [Vi 
is  used  in  the  atomic  sphere  approximation  (.\S.\)  with  the  so-called  <c»mhjned  cori>Miion. 

In  order  to  a|)ply  t  his  approach  to  c»pen  struct  iiies  such  as  ZH  ami  W7.  so-called  empiv  spheres 
must  he*  ini  rod  need  in  order  to  appropriately  describe  the  charge  density  and  wave  fmici  ions  in  f  hc' 
iuterslifiai  regicui.  In  tiie  ZH  case,  the  empty  spinues  me  positioned  at  the  tetrnliedral  iniejsiiiial 
sif<'s.  I'.cpial  splien’  radii  are  used  on  all  s|)here‘i  in  order  to  ledm#*  i  h»'  overlap  hetwecui  ilie 
spheres  as  mncli  as  possiide.  lor  the  WZ  siructure.  we  introduced  small  «un))tv  spheres  of  .adiiiN 
1  i \  I  “  t  being  the  aiomic  sphere  radius)  in  lH>iwfM'n  tin*  atoms  alotig  the  c-direi  i  i«ui  and 
huge  emi)ly  spluMC's  <d  size  l.|().«,|  ill  tile  channel  iegi«ins.  I  he  U.ilionin  zone  siiminaiions 

were  r  onvc'iged  to  <  I  me\'  accmac  v  in  the  total  eiieij»v  resnlis. 


RESULTS 

Lcmairntts  cd  slate 

in  1  his  ser  1  ion.  we  present  our  residis  for  I  he  energy  -as  a  fund  hui  of  volutin',  i.e.  i  lie  euiiai  ions 
n(  si  at  e.  \\  e  used  a  fit  ol  1  lie  calc  ulal  «’d  results  to  tin*  Rose-Smit  h  - 1  ♦•ri  ante  cMpial  ion  of  si  a  l  e  [tij  ju 
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Tabk  I:  Equilibriuni  properties  of  SiC\  AIN,  GaN. 


VVniolecule(  A^) 

f^(eV /molecule) 

B(MBar) 

B' 

Sif  ZB 

20.2  (20.7- ) 

14.1  (12.7'’) 

2.3  (2.2") 

3.8 

WZ 

19.9  (20.7-) 

14.6 

2.4 

3.9 

AIN  ZB 

20.3 

12.6 

2.2 

3.9 

WZ 

20.1  (20.8“) 

13.1  (U.5‘a) 

2.2  (2.1'') 

3.9 

GaN  ZB 

22.8 

9.9 

2.0 

4.4 

WZ 

21.7  (22.6“ ) 

10.2  (8.9*’) 

2.2  (1.9') 

4.4 

Experimental  values  in  parentheses. 

a.  Wyckoff  [7] 

b.  From  enthalpies  of  formation  given  in  CRC  Handbook  [8] 

c.  Carnahaiu  [9] 

d.  Wettling  and  Wmdscheif  [10] 
e  Gerlich  el  al.  [11] 


order  to  extract  the  equilibrium  volume/molerule,  the  cohesive  energy.  £^.:  the  bulk  modulus. 
B:  and  the  pressure  derivative,  of  the  latter.  Table  I  summarizes  the  results. 

The  overall  agreement  with  the  experin  eiital  v'alues  (given  in  parentheses)  is  salisfartury. 
We  note  that  our  calculations  may  slightly  overestimate  the  bulk  ii.odulus  in  the  WZ  structure 
because  we  did  not  minimize  the  energj*  with  respect  to  the  c/n  ratio  and  internal  degree  of 
freedom  u.  We  did  not  attempt  this  since  it  is  well  known  from  work  on  phonon-distortions 
in  Si  [1‘2]  that  the  ASA  is  not  sufficiently  accurate  for  studying  the  effects  of  small  structural 
relaxations.  The  required  accuracy  can,  however,  be  achieved  by  means  of  the  ftdl-potenlia!  t  i'P) 
version  [12]  of  the  LMTO-method.  We  recently  carried  out  FP  calculations  of  cubic  Si( '  in  ord^r 
to  determine  its  elastic  constants  (13).  Similar  work  on  the  iiitriues  ajid  on  the  WZ  s..urtures  is 
in  progress.  The  above  calculations  predict  the  WZ  structure  to  be  stable  witi!  . .  «pect  to  the  ZH 
in  all  cases  by  about  0.2-0.3  eV/atom.  Cheng  et  al.'s  work  [14].  however,  intikales  that  lor  SiC. 
the  ZB  structure  is  lower  in  energy  than  the  WZ  by  5  meV’/atom.  For  GaN.  Munoz  and  K»iur 
[15]  using  pseudopotential  calculations  have  recently  found  WZ  to  be  stable  with  respect  to  ZB 
by  only  I'l  meV'/atom.  To  pin  down  these  small  structural  energy  differences,  it  appears  to  lie 
essential  logo  beyond  the  ASA. 


Band  structures 

To  facilitate  the  comparison  between  the  band  structures  in  the  ZB  and  the  WZ  structures,  we 
follow  the  approach  of  Salehpour  and  Satpathy  [IfiJ-  The  ZB  band  structures  are  thus  displayed 
in  a  double  unit  cell  along  axes  in  reciprocal  space  which  are  relevant  for  the  hexagonal  system. 
We  refer  to  Ref.  [16]  for  a  complete  discussion  of  the  relationships  between  the  k-points  in  the 
two  crystal  structures.  In  particular,  we  note  that  the  point  A’/ff  of  ZB  lies  at  2/3  of  the  way 
between  the  M  and  L  points  of  the  he.xagoiia)  Britlouin  zone  if  the  c/n  ratio  is  ideal  a*"!  is  here 
indicated  a,s  A*.  The  symmetry  labels  of  the  ZB  band  Svnictures  indicated  in  the  Figs.  1-3  are 
those  for  the  fee  Brillouin  zone.  The  minimum  baiidgaps  are  given  in  Table  II. 

The  overall  features  of  the  band  structures  agree  well  with  presiuus  cab  ulalioiis  fur  Sir[ix] 
and  (iaN  in  both  structures  [19]  and  for  WZ  A!N  [20].  There  are  differences,  however,  in  I  hr 
magnitudes  of  the  band  gaps  obtained  with  the  earUer  empirical  pseudopotential  calculations 
[19.  18]  ill  which  the  gaps  were  adjusted  to  experimentai  da;.i.  .\s  is  well  known,  the  gaps  are 
undereslimate<l  in  the  LDA  Kohn-Sham  eigenvalue  spectrum.  We  have  calculated  a  correction 
to  the  M)A  gap  following  the  approach  of  Berh.stedt  and  Del  .Sole  (21).  Their  method  provides 
essentially  a  light-binding  estimate  of  the  correction  Sow  to  the  quasiparticle  energ\  in  llediii’s 
many-body  perturbation  theory  [22].  We  see  that  typically  their  procedure  sbgbtly  overestimates 
the  correction.  We  note  that  our  bandgaps  were  calculated  at  the  theiiretical  (luilibrium  lattice 
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(a)  (I)) 


Figure  Baud  structure  of  CaN  in  (a)  ziiicbleiide  and  (l>)  wurtzite  structure 


lable  II:  Mininiuni  hand  gaps  of  SiC.  AIN  and  GaN  in  ziiicblende  and  wurtzite  structures  (in 
eVl 


ZB 

wz 

SiC 

r  - V 

r  -  A 

LDA 

1.47 

2.67 

2.7 

3.9 

E.xpt . 

2.416“ 

3.330“ 

AIN 

r  -  V 

r  -  r 

LDA 

4.32 

1.94 

LD  A  + 

'.,1 

(>.7 

Expt. 

6.2S“ 

GaN 

r  -  r 

r  - 1 

LDA 

2.09 

2.7.'; 

LDA+iAfVH' 

3.6 

4.2 

Expt, 

3,6‘ 

a.  I.andolt  and  Durnstein  Tables.  [17] 
I).  Blornn  el  al.  [19] 
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constant  using  the  experimental  cfa  ratio  and  the  ideal  value  of  u,  namely  0.375.  This  partially 
explains  the  discrepancy  from  Clung  and  Harmon's  value  (4.4  eV)  for  the  LDA  gap  of  AIN 
which  was  calculated  at  the  slightly  larger  experimental  lattice  constant.  At  the  experimental 
lattice  constant  and  the  non-ideal  e.xperimental  value  u  =  0.385.  we  obtain  4.6  eV.  For  GaN.  the 
calciilatinns  of  Bloom  et  al.  [19]  obtained  the  baiidgap  for  ZB  only  0.1  eV  lower  than  that  for  VVZ 
(iaN.  They,  however,  used  the  same  form  factors  for  their  pseudopotential  calculation,  instead  of 
self-consistent  <|uantities  for  each  of  the  structures. 

Next,  we  consider  a  number  of  aspects  of  the  band  edges,  including  the  directness  or  indirect¬ 
ness  of  the  l>andgap8.  First  of  all.  one  may  notice  that  the  energy  of  the  A'l*  conduction  band 
minima  are  lower  in  ZB  than  the  corresponding  states  in  \VZ  in  all  three  compounds.  This  is  in 
part  a  result  of  the  fact  that  in  ZB  the  only  state  of  the  same  A'l  symmetry,  with  which  it  can 
interact.  Lies  ([uite  deep.  In  a  tight-binding  picture,  the  A'l  valence  and  conduction  band  states 
are  bonding  and  antibonding  combinations  of  the  anion  s-orbital  with  a  cation  p-orbital.  In  \VZ. 
on  the  other  hand,  this  point  has  a  lower  symmetry  and  the  state  can  interact  with  several  closer 
lying  states.  The  interaction  with  the  upper  valence  baud  states  of  the  same  symmetry  tends  to 
])U8h  the  WZ  conduction  band  state  to  higher  energies.  There  is  no  interaction  with  the  nearest 
roiKluction  baud  state  above  the  minimum  because  this  state  has  a  different  symmetry.  In  ad¬ 
dition,  the  eigenvalues  along  the  M  —  L  axis  must  approach  each  other  to  become  degenerate  at 
L  on  the  face  of  the  Brillouin  zone,  because  the  spacegroup  (C^„)  is  non-symmorphic.  This  also 
tends  to  push  up  the  conduction  band  edge  at  A*  in  WZ. 

Ill  AIN.  the  competing  level  for  the  conduction  band  ininiinum  is  the  Fi  state.  Thus,  that 
state  becomes  the  conduction  band  minimum  in  WZ.  and.  although  it  fails  just  barely  below  the 
lowest  conduction  band  state  at  the  A‘-poiiit,  the  gap  becomes  direct.  In  the  case  of  SIC.  liowever. 
the  ['\  conduction  band  state  is  higher  in  energy  relative  to  the  eigenvalues  at  the  oilier  k-points 
and  thus  does  not  become  the  minimum  n  WZ.  Rather,  it  is  the  A'-poinl  where  the  minimum 
occurs,  followed  closely  (at  0.12  eV  higher)  by  the  AZ-point.  This  leaves  the  band  gap  imiireci. 
The  energies  of  the  conduction  band  jninimum  at  the  A/-point  are  practically  the  same  in  the  ZB 
and  WZ  structures,  but  the  A'-point  is  lowered  by  about  1  eV.  The  fact  that  the  conduction  band 
minimum  changes  character  because  of  these  symmetry  effects,  explains  why  there  is  a  significant 
difference  in  band  gap  (by  about  1  eV)  between  the  cubic  and  hexagonal  SIC  polytypes. 

Finally,  we  may  inquire  as  to  why  the  rj  state  is  relatively  lugl;. ;  !  wu!  erpecl  to  rondiiciion 
band  stales  at  other  k-poiuts)  in  SIC  and  lower  In  GaN  compart''  o  .\r  ,  ose  facts  prevent 

Si(.'  from  becoming  direct  even  in  WZ  and  makes  GaN  direct  even  i:.  1).  x  state  is  basically 

an  aiitiboiiding  combination  of  cation  and  anion  S'OrbitaJs.  As  such  it  is  quite  sensitive  to  the 
depth  of  the  potential  well  near  the  nucleus.  Obviously.  Ga.  being  the  atom  with  the  highest 
atomic  number,  has  the  strongest  potential  at  the  nucleus.  The  key  factor  in  the  comparison 
between  SiC  and  AIN  is  the  stronger  ionicity  of  the  latter.  This  is  confirmed  by  a  partial  wave 
analysis  of  the  Fj  state  which  shows  a  smaller  admixture  of  N  2s  in  AIN  than  of  C  2s  in  SIC. 
Since  the  cation  of  these  ''onipounds  have  a  larger  Z  than  the  anions,  the  liigher  cation  content 
ill  AIN  more  than  compensates  for  the  slightly  stronger  Si  potential  at  the  nucleus. 

We  note  that  for  GaN,  it  is  important  to  treat  the  Ga  3d  semicore  state  as  a  band  state.  It 
overlaps  in  energy  with  the  N  2s  band  and  hybridizes  significantly  with  it  at  most  k-poiiits  except 
r.  We  found  that  omission  of  this  state  leads  to  a  larger  equilibrium  lattice  constant,  and.  as  a 
result  to  a  lower  bandgap  ( 1.8  eV  in  the  LDA). 

Finally,  we  find  that  the  densities  of  states  (DOS)  in  the  WZ  and  the  ZB  structures  show 
systematic  differences  which  are  very  similar  in  SiC,  AIN  and  GaN.  The  valence  band  DOS  is 
more  peaked  near  the  top  of  the  baud  in  WZ.  These  differences  should  be  observable  in  XPS 
or  UPS  photoeniission  or  in  soft  X-ray  emission  spectra  of  the  valence  band  and  may  also  )>e 
identifiable  in  the  CVV  (core- valence- valence)  Auger  electron  spectra  of  these  materials.  The 
latter  essentially  corresuonds  to  an  auto-convolution  of  the  valence  band  density  of  states.  This 
may  be  useful  for  the  experimental  characterization  of  the  cubic  versus  the  hexagonal  structure. 


372 


CONCLUSIONS 

Using  tlie  LMTO-ASA  method  we  have  calculated  the  band  structures  and  equilibrium  prop¬ 
erties  of  Sit',  AIN  and  GaN  in  the  zincblende  and  wurtzite  structures.  We  have  discussed  the 
origin  of  the  directness  and  indirectnes  of  their  bandgaps. 

I'his  work  was  supported  by  ONR  and  the  N.A.S.A.  Lewis  Research  Center. 
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ABS  TRACT 


We  study  the  Burstein-Moss  shift  (BMS)  in  quantum  wises  and 
quantum  dots  of  wide-gap  semiconductors,  taking  ce  as  an 
exanple.  it  is  found  that  the  E'-IS  increases  with  increasing 
electron  concentration  in  a  ladder  like  manner.  The  numerical 
values  of  the  BIS  is  greatest  in  quantum  dots  and  least  in 
quantum  wells.  The  theoretical  analysis  is  in  agreement  with 
the  experimental  results  as  given  elsewhere. 


With  the  advent  of  FEE.  mbe,  MotVD  and  other  experimental 
techniques,  quantum  wires  (jws )  and  quantum  tj ts  { JDs )  have  in 
the  last  few  years  attracted  much  attention  not  only  for 
their  potential  in  uncovering  new  phtnomena  in  material  science 
but  also  for  their  interesting  device  applications,  in  jws 
the  motions  of  the  electrons  are  quantized  in  the  two  perpen¬ 
dicular  directions  in  wave  vector  space  and  the  carriers  can 
move  only  in  the  single  free  direction  _y.  in  ids,  the  dimen¬ 
sions  of  the  quantum  well  increases  from  ID  to  3D  and  the  den- 
sity-of-states  function  is  changgd^from  Heaviside  step  func¬ 
tion  to  Dirac's  delta  function  Z2_7.  Though  considerable  work 
.—3  already  been  done,  nevertheless  it  appears  from  tl.e  '  Itera- 
ture  that  the  Burstein-MJss  shift  (BMP)  in  such  quantum  confi¬ 
ned  wide  gap  materials  has  ytt  to  be  studied.  This  is  done  m 
what  follows,  taking  ce  as  an  example  of  wide  gap  seiiconduc- 
tors  . 


The  energy  spectrum  of  the  conduction  electrons  in  wide  gap 
semiconductors  can  be  expressed  <^3 _/  as 

.•*5 

U) 


inductors  can  be  expressed  <^3 _/  as 
■  g/2  )+  )*£  (Eg/2)2eEgkj.^  (t^/2n^  )J^ 


E=  (-E 

where  the  notations  are  defined  in  the  above  reference. 


The  modified  electron  dispersion  low  in  jws  can  be  written 
usi ng  (1 )  as 


^^k^j/2m^  =  C(E,n)  -  Vsmj  )  (S/d2 


(^) 


where  m^  =  ^  ,C(E,n)-Z  E  (1+ <j(,E  )-D(n )  (1  +  2 o(  E  )♦  £,<(0  {n  )  ) ^J/ 
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»^-l/Eg.D(n)  =»  )  (n/dj^  2,  3 . .  o=l,2,3..,., 

in^=  ( )  (2mj^j^+m ,  ^2=  (m^  *2m^^)/2,  and  dj^  and  (^2 

film  thickness  along  y  and  z  directions  respective! y . using (2 ), 
tiie  electron  concentration  per  unit  length  can  be  expressed  as 


"id  °  J  2myn'f,) 


where  g^  is  the  vail^e^y  degeneracy,  Aj^  =  /  C  (Epj ,  ^ ^/2m2 ) 
(s/d2)^_7  .  Aj  =  ^_A3^j^Z"a^_7.  A3  j.  =  2  .(kgr)^^(l-2^"^^) 

^2r 

(a(2r)  -rr - ZAi_//  kg  is  Boltzmann  constant.  T  is  temperature 

F.t 

t  =  1  and  3,  r  is  the  set  of  real  positive  integer  where_upper 
limit  is  k  .  C  (2r)  is  the  zeta  function  of  order  2r  ^4 _y  and 
tj.,  is  the  P^rm^  energy  in  3i-;  case.  The  heavy  hole  energy 
can'oe  written  Z5_/  as 

£3,  •=  (A  -  B)k^  (4) 

where  the.  notations  are  defined  in  ^S_/.  Itierefore  the  B.-ti  in 
H-js  can  be  written  as 

4—..  .c-J-t.  ,c» 


case.  The  heavy  hole  energy 


ID  =  ‘^Fl  "  Eg  "  h 


^  E3-(A-B)yt 


P  '17  rr  ^ 

V2mi  iscitj.l )-— 

2m.  d^ 


Similarly  the  BUS  in  QDS  can  be  expressed  as 


3D  =  Ep3  ^  Eg  +  E3  16) 

where  is  tie  Fermi  energy  in  qds  and  can  be  related  through 

the  electron  concent r at i.jn  per  unit  volume  as 

n3n  =  Z~gv/'^3d2d  _7  ^  -  /“l+exp  (-g  )_7, 
n.t.s  . 


y  (kpT) 


,C(E^.n)=|^'^'2^  ■  .(t/d3)^+  (1^31^2.112  )  (S 


t=l,2,5 . .  d j  is  the  fil.m  thickness  along  x-direction 


E3=(A-B)n^ 


_U£irig  the  ^propriate  egi^tions  togethei  with  ti.e  parameters 
A=‘1.28  n2/2m  ,b=0.V5  T^/dm  ,  ir, =1.586  m  ,  m^=O.C't  l  )  E 
=  2. lev,  the  normalized  8*4;^  in  of  Ge  as  a  function  of 

electron  concentration  per  unit  lengthkas  shown  in  plot  a  of 
Fig  1  where  the  circular  plot  exhibits  the  same-  dependence  in_ 
accordance  with  ti.e  experimental  datas  as  giver,  ejsewhere  _ib_/ . 
The  plot  b  of  Fic.l  has  been  diawn  by  using  the  parabolic 
energy  band  structures  jf  Ge  for  the  purpose  of  assessing  the 
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Fig  .1 


Plot  of  normalized  fi-iS  versus  n,  in  jws  of  Ge  in 
acceptance  with  (a)  general ized'^'Kand  model  and  (b; 
parabolic  model.  The  circular  plots  correspond  to 
experimental  results,  rj.,  -  z  4  ri-mj 


Fig. 2.  Plot  of  normalized  BMS  versusKIk^  in  oDs  ct  Ge  in 

accordance  with  (a)  generalized  ^band  model  and  (b) 
parabolic  model.  The  circular  plots  correspond  to 
experimental  results.  Q  d ,  -  d  j.  -  dj  z  Hor\'^r^'] 


influence  of  energy  band  models.  Itie  Fig.  2  exl.ibits  the  all 
cases  of  Fig.  1  for  X's  of  le. 

It  appears  from  both  the  Figs,  that  the  BriS>  increases  with 
increasing  carrier  degeneracy  in  non-ideal  steps  for  both  3Ws 
and  QDS  of  Ge.  The  nun»  rical  values  of  the  are  ^ireatest  in 
QDS  and  the  least  in  jws .  In  jDS  the  width  of  the  steps  is 
smaller  and  the  influence  of  quantization  of  band  states  is 
immediately  apparent  from  the  Figs  .f'irjally  we  wish  to  note 
that  though  the  many-body  effects  and  the  influence  of  surface 
states  and  charges  should  be  considered  alongwith  a  self  consis 
tent  procedure,  this  simplified  analysis  exhibits  the  basic 
features  of  Bfdb  m  quantum  confined  wide  gap  sta»i conductors 
and  the  agreement  between  the  thieoretical  results  and  the 
experimental  iatas  is  significant. 
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ABSTRACT 


in  this  paper  we  study  the  Einstein  relation  in  superlattices 
of  wide-band  gap  semiconductors  under  crossfieid  configuration 
and  the  forming  materials  incorporating  spin  and  broadening  of 
Landau  levels.  It  is  found,  taking  GaAs/AitAs  superlattice  as  an 
example  that  the  dif fusivity-mobility  ratio  increases  with 
increasing  electron  concentration  and  oscillates  with  inverse 
quantizing  magnetic  field  due  to  SdH  effect.  Ihe  theoretical 
analysis  is  in  agreement  with  the  suggested  experimental  method 
of  determining  the  same  ratio  in  legenerate  materials  having 
arbitrary  Eisners  ion  laws. 


•^he  semiconductor  superlattices  (S'.s )  as  originally  proposed 
by  Esaki  ani  Tsu,  has  found  wide  applications  in  many  new 
device  struct^ures  such  as  phot  .>  liodes ,  transistors,  liciit  emi¬ 
tters  etc.^1  _/.  Though  extensive  work  has  already  been  ione  on 
the  various  electronic  properties  of  such  semiconductor  hcte- 
rostructurf s ,  it  appears  from  the  literature  that  the  Einstein 
relation  for  the  dif  fusivity-.mobil  itv  ratio  of  -Ls  has  relative¬ 
ly  been  less  investigated  /i  /.  The  connection  of  the  D.4R  with 
the  velocity  autocorrelation  function,  its  relation  with  the 
screening  length  and  the  various  formulation  of  t_he_DMR  has 
been  studied  under  different  physical  conditions  ^3 _/ .  In  this 
connection  ve  wish,  to  note  that  the  cross-field  configuration 
is,  fundamental  for  classical  and  quantum  transport  in  solids 
^4 _/.  in  what  follows  we  shall  study  the  Einstein  relation  in 
bLs  of  wide  bandgap  semiconductors  under  crossfield  configurate- 
ion,  taking  oaAs/AlAS  SL  as  an  example. 


in  the-  presence  of  a  quantizing  magnetic  f^eld  B  along  the 
SL  direction  and  the  crossed  electric  field  E  along  the  x-axis, 
the  Hamiltonian  H  assumes  the  form 

H  - 'Pj^V2m*+($'y-eE5c)  V2''»+E^g-Ej^Cos  (2rT^j/tk^)-eE^j^  (1) 

hats  denote  the  respective  operators  and  the  other  notations 
are  defined  in  ^1  .  The  modified  electron  energy  spectrum  for 

SLs,  including  spin,  reads 
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e^i  2 


27Tk, 


2nr#w 


where  €  is  the  electron  energy  under  cross-field  configuration, 
n,  Wq,  g^j  and/u  are  the  Landau  quantum  number,  cyclotron  fre¬ 
quency  ,  spectroscopic  splitting  factor  at  the  band  edge  and 
the  Bohr  magneton  respectively.  Considering  only  the  lowest 
minitaand,  since  in  an  actual  SL  only  this  miniband  is  signifi¬ 
cantly  populated  at  low  temperatures  where  the  quantum  effects 
become  prominent,  the  electron  statistics  can  be  expressed  as 


max 


n^=A 


n=0 


Z  P  (Ep)  +  0 


(2) 


where  A  =  m*w  E 
1/2  ° 

+  b  c 


)  -{ 


+  (aj^-  bdj^)  cos 


P(Eo);^-K.p-  of  /  {l-aj^H 
-1 


a^^  -  b  c  ^  Oos“  -  bc)J_/-  /  1-aj^  +  bdj^/ 

^  (a^  -  bd^)V  ^  i  >^”0 


_l/2 


-sfli. 


2.n*w 


-V.  E, 


Fo  ♦  in 


the  fermi  energy,  i=  ^ -1, 


■«.fc 


o.i/m*w^Eii. 


C=d,  +eBd„ 
X  o 


P is  broadening  parameter,  b 

=  -m»E^/2plr,  Q(Eq)  =  ^ ^  j.  /  P  r  is  the  set  of 

real  positive  integers,  5?  _  =  2  (knT)^*^ (1-2^“'^*^ )  ^<2r)--:; - 

andy(2r)  is  the  zeta  function  of_order  2r.  dince  the  DMR 
can,  in  general  be  expressed  as  /~3_/ 


D  .  i  ^ 

/ii  e  "o'  iE 

'  rt 


'4) 


we  can  combine  (3)  and  (4)  to  get  the  expression  of  the  same 
ratios  in  jijide  gap  &L  under  cross-field  configuration  as 

-  n  , 

max  /  f  _-l 

> -  P(Ep)  +  J(Ep;^  (5) 


max 


“  =  -  z" 

/u  e  ^ 


/  p(Eo)+a(E^)_/_/Z 

n=0  n=0 

where  the  primes  denote  the  differentiation  w.r.t.  E 


purpose  of  comparison,  the  expressions  of  n  and  UMR°in  the 
corresponding  wl ie  gap  bulk  materials  having  parabolic  energy 
bands  can  be  expressed  under  cross-field  configuration  as 
n  _  _ 

^  /  E(Eo)  +  S  (E  )V  (6) 

n«0 


For  the 


"0=  ^ 


and 


max 


max 


n*0 


R<Eo)+S(Eo)VZ 


n*0 


/  /  --1 
R(Eo)+S{Eo)_/  (7) 


10  n^cm^) 


Msnnalized  JMH  uri'-ter  cross-fieU  configuration  versus 
n  in  (a)  gaAs/AlAs  SL,  (b)  oaAs  ani  (c)  AlAs .  ilic 
circular  plots  exhibit  the  experimental  suggestion  for 
measuring  the  DMR  in  degenerate  ^uaterials  having  arbi¬ 
trary  dispersion  laws. 
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where  A, 


B  2m* 


31.^  TI 


L  is  the  sample  length  along  x. 
3/2  ,,  ,  ,3/2 


direction.  a(E  )=R.P.  of/  (t,  +  gt,)  '  -(t,+q,  .  t, 

=  /  ^  i  2  «o^o  ^o^‘2b  )_  .  t2=Ell/R. 

g=gj+eBL^“'‘^.gj=-m*'f^2gti  and  S(E^)  =  51:  ^  R(Eq)_/ 


In  the  absence  of  electric  field,  spin  and  broadening^  (6)  and 
(7)  assume  the  we^l-ktown  forrns  as  /S/ 
ma*  , 


n  =  i'  e 
o  c 


(rj  ) 


n=0 


(kgX/e)  Z" 


-7 


(8) 


/ 


-1 


^  El  (y  )V  Z  >  F;3  (5) 

■  2  ^ - 


n=0  n=0 

where  the  notations  are  defined  in  Z6 _/ - 


using  (3)  and  (5)  and  taking  the  parameters  _/  E  .“O.OSev, 

ff=1.5  Tesla,  E,  ,  =  0.01  ev,  m*=0.067  iii„,  d  =  c  nm  '^^4. 2k, 
_,jii  _  .00  > 

r  “  2,3  X  10  ev,  go~2  and  Ho“10  V/m  as  valid  for  GaAs-AlAS 
SLs  we  have  plotted  the  normalized  D.-m  versus  no  as  shown  in 
plot  a  of  Fig.  1  in  which  the  plots  b  and  c  exhipit  tlie  same 
dependence  for  GaAS  and  AIas,  respectively.  Taking  the  same 
parameters  as  used  in  obtaining  Fig.l  we  have  plotted  the  nor¬ 
malized  DMR  versus  i/B  in  all  the  above  mentioned  casts  in 
Fig.  2.  The  thermoelectric  power  can  be  written  in  the  present 
case  as  D/ii  ”  T/3Ge'*'  where  G  is  the  thermoelectric  power,. 

By  taking  the  experimental  values  of  as  given  elsewhere  ^  _/ 
we  have  plotted  in  Fig.  1  the  circular  points,  •‘he  o.'iP  oscjla- 
tes  with  1/8  due  to  SdH  effect. 


Finally,  it  may  be  noted  that  the  conclusi >ns  made  here  would 
be  of  particular  significance  in  view  of  the  fact  that  the  swit¬ 
ching  speed  and  the  performance  of  the  semiconductor  devices  at 
the  device  terminals  can  be  related  to  the  DMR  Z3 _/. 
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CONDUCTIVITY  CONTROL  OF  AIGaN, 
FABRICATION  OF  AI6aN/GaN  MULTI -HETEROteTURE 
AND 

THEIR  APPLICATION  TO  UV/BLUE  LIGHT  EMITTING  DEVICES 
AKASAKI  AND  H.  AMANO 


Nagoya  University,  Department  of  Electronics,  Furo-cho 
Nagoya  464-01,  Japan 

Abstract 

The  method  for  controlling  the  electrical  properties  of  n- 
type  GaN  and  AIGaN  have  been  established.  Both  GaN  and  AIGaN 
films  having  p-type  conduction  have  been  realized  lor  the 
first  time.  High  quality  AIGaN/GaN  mu  I t i - he t e r os t r uc t ur e  show¬ 
ing  clear  quantum  size  effect  has  been  fabricated.  P-n  junc¬ 
tion  type  UV/blue  LED  with  double  he t e r os  I r uc t u  r  e  have  been 
developed  for  the  first  time. 

t .  I n  t  r oduc  t i on 


In  the  last  few  years,  the  demand  for  the  tabrication  of 
compact  and  high-power  short  wavelength  light  emitter  in  the 
blue,  violet  and  ultraviolet  (UV)  region,  such  as  light  emit¬ 
ting  diode  (LED)  and  laser  diode  (LD)  has  been  increasing.  Ap- 
P  I  i  cations  of  such  devices  include  a  new  compact  and  high- 
density  optical  storage  system,  a  new  full  color  display  sys¬ 
tem  and  a  new  medical  engineering  system.  For  the  achievement 
and  fabrication  of  these  new  systems,  the  research  and 
development  of  semiconductors  having  large  band  gaps,  the  so 
called  wide-gap  semiconductors  should  be  necessary. 

Aluminum  gallium  nitride  (AI<Ga.-.N:  0<x)  as  well  as  gal¬ 
lium  nitride  (GaN)  are  the  promising  candidate  as  the 
material  for  fabrication  of  such  a  short  wavelength  light 
emitter,  because  they  have  direct  transition  type  band  struc¬ 
ture  wi  th  the  band  gap  energy  from  about  3.39eV  to  6.2eV  at 
room  temperature  (RT).  In  contrast  with  other  III  -  v  compounds 
such  as  GaAs  and  InP,  however,  it  had  been  fairly  ditticult  to 
grow  high  quality  epitaxial  filmwith  a  flat  surface  free  from 
cracks,  because  of  the  large  lattice  mismatch  and  the  large 
difference  in  thermai  expansion  coefficient  between  epitaxial 
film  and  sapphire  substrate. 

In  1986,  we  succeeded  to  overcome  these  problems  and  to 
g r ow  high  quality  GaN  filmwith  a  specular  surface  tree  tr om 
cracks  by  the  prior  deposition  of  a  thin  AIN  buffer  layer  in 
MOVPE  growth  of  GaN.  The  electrical  and  optical  properties  as 
well  as  the  crystalline  quality  can  be  remarkably  improved  at 
the  same  time  (1-3].  By  using  such  a  GaN  film,  we  achieved  the 
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UV  stimulated  emission  at  RT  by  optical  pumping  for  the  first 
time.  We  achieved  also  the  successful  growth  of  AI.Gat..N  with 
X  up  to  0.4,  having  smooth  surface  tree  tr om  cracks  on  the 
sapphire  substrate  in  the  same  way  |3,4). 

Silicon  was  found  to  act  as  donor  in  both  GaN  and  AIGaN, 
and  free  electron  concentration  has  been  controlled  from  the 
undoped  level  up  to  mid  10*“  cm  '*  to  10'“  cin'“.  It  has  been 
well  known  that  undoped  GaN  shows  n-type  condurlion,  and  p- 
type  GaN  had  never  been  realized.  In  1989,  we  succeeded  for 
the  first  time  to  produce  p-type  GaN  (5)  and  recently  p-type 
AIGaN  by  low  energy  electron  beam  irradiation  (LEEBi)  treat¬ 
ment  of  Mg-doped  film. 

Furthermore,  we  have  succeeded  to  fabricate  AIGaN/GaN 
mu  I t i - he t e r os t r uc t u r es  with  good  crystalline  quality  |0],  from 
which  quantum  size  effect  has  been  clearly  observed  (7|.  On 
the  basis  of  these  results,  we  develop  the  first  p-n  junction 
type  UV/blue  LEDs  with  AIGaN/GaN  double  heterostructure.  In 
this  paper,  (1)  conductivity  control  of  GaN  and  AIGaN  for  ou*h 
n-lype  and  p-type,  (2)  fabrication  and  properties  of  AIGaN/GaN 
mu  I t i -he t eros t r uc t ur e  and  (3)  performance  of  the  UV/blue  LED 
consisted  of  AIGaN/GaN  double  h e t e r os t r u c t u r e  will  be 
descr ibed . 

2.  MOVPE  growth  of  hlqh-oualitv  GaN  and  AIGaN  thin  films  on 
the  sapphire  subst r  ate  using  AIN  butter  layer  and  their 
or ooer  t i es 

A  horizontal  type  MOVPE  reactor  operated  at  an  atmospheric 
pressure  was  used  lor  the  growth  of  both  GaN  and  AIGaN  film. 
Tr  ime  t  hy  I  ga  I  I  i  um  (TMGa),  I  r  ime  t  hy  I  a  I  umi  num  (TMAI)  and  aimionia 
(NH3<  were  used  as  source  gases  and  hydrogen  as  a  carrier  gas. 

Polished  and  etched  sapphire  crystals  were  used  as  sub¬ 
strate.  The  mi  sor i en t a t i on  was  less  than  1*.  In  our  process, 
before  GaN  growth,  a  thin  AIN  layer  about  50nm  think  was 
deposited  at  600'C  by  feeding  TMAI  and  NH,  diluted  with  . 
Then  the  temperature  was  raised  to  1050'C,  and  single  crystal¬ 
line  GaN  film  of  several  pm  thick  was  grown. 

The  surface  morphology  of  GaN  film  could  be  remarkably  im¬ 
proved  by  the  preceding  deposition  of  the  AIN  as  a  buf'er 
layer.  GaN  film  with  optically  flat  surface  could  he  grnwr  on 
the  sapphire  substrate  covered  with  AIN  butler  layer.  On  the 
contrary,  the  island  growth  occurred  in  the  growth  of  GaN  oir 
the  bare  sapphire  substrate  surface. 

X-ray  rocking  curves  (XRC)  measurement  also  revealed  thi 
GaN  grown  using  the  AIN  buffer  layer  has  high-quality.  The 
full  width  at  half  maximum  of  the  GaN  film  grown  with  th-  AIN 
layer  is  about  110  arcsec,  which  is  the  narrowest  up  to  date 
in  this  material.  While,  that  of  the  GaN  I  i ’m  grown  directly 
on  the  sapphire  substrate  is  more  than  1000  arcsec. 
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TEMPERATiniE  (K) 


Fig. 1(a)  Temperature  depen¬ 
dence  of  the  electron  conc¬ 
entration  of  undoped  GaN 
film  grown  using  the  AIN 
buffer  layer(a)  and  the 
GaN  film  grown  directly  on 
the  sapphire  subst rate( I  I )  . 


TEMPERATURE  (K) 

Fig. 1(b)  Temperature  depen¬ 
dence  of  the  Hall  mobility 
of  undoped  GaN  film  grown 
using  the  AIN  buffer  layer 
(•)  and  the  GaN  film  grown 
directly  on  the  sapphire 
substrate( O ) ■ 


Pho t o I  urn i ne sc ence  (PL)  measurement  also  showed  that 
luminescence  property  of  the  GaN  film  can  be  improved  by  using 
AIN  buffer  layer.  In  the  PL  spectrum  at  4.2  K  ot  GaN  grown 
with  the  buffer  layer,  free  exciton  line  (E>)  and  the  donor- 
bound  exciton  line  (la)  clearly  appear,  while  emission  bands 
in  long  wavelength  region,  which  may  be  due  to  deep-level 
defects,  are  scarcely  observed.  On  the  other  hand,  emission 
bands  In  long  wavelengths  dominated  in  the  spectrum  of  the  GaN 
film  grown  directly  on  the  sapphire  substrate.  Theretore,  the 
deep  level  detects  in  our  GaN  film  could  be  reduced. 

Figure  1  shows  the  electrical  properties  of  GaN  film 
measured  by  Hall  effect  using  van  der  Pauw  method.  The  GaN 
film  grown  with  the  AIN  buffer  layer  has  n-type  conductivity 
with  an  electron  concentration  of  about  10’'  cm*  =*  or  8x10’** 
cm~ ^  at  RT,  which  is  two  or  three  orders  of  magnitude  lower 
than  that  of  GaN  film  grown  directly  on  the  sapphire  sub¬ 
strate.  The  electron  mobility  is  about  500  cm^/Vs  at  RT , 
which  is  one  order  of  magnitude  higher  than  that  of  directly 
grown  film  . 

All  these  results  (surface  morphology,  XRC,  PL  and 
electrical  properties)  clearly  show  that  by  the  preceding 
deposition  of  the  AIN  buffer  layer,  the  electrical  and  optical 
properties  as  well  as  the  crystalline  quality  of  GaN  film  can 
be  renrurkably  improved. 

The  effectiveness  of  the  AIN  buffer  layer  on  the  improve¬ 
ment  of  crystalline  quality  ot  AIGaN  film  has  recently  been 
proved  (3,4],  and  the  role  of  the  buffer  layer  was  discussed 
e I sewhere  (2 , 3 | . 

We  have  also  succeeded  in  observing  the  first  RT  stimu¬ 
lated  emission  from  a  GaN  film  grown  using  the  AIN  buffer 
layer,  which  was  cleaved  in  a  2  nm  stripe  and  excited  by  a 
pulsed  nitrogen  laser.  The  threshold  power  lor  stimulated 
emission  was  found  to  be  around  0.7  MN/cm='  at  RT .  The  detailed 
characteristics  of  this  emission  was  reported  elsewhere  (8,9). 


3.  Conductivity  control  for  n-tvpe  GaN  and  AIGaN  films 

The  electron  concentrations  and  resistivities  of  GaN  and 
AIGaN  can  be  easily  controlled  by  changing  silane  flow  rate. 
The  figure  2(a)  shows  the  results  on  GaN  film,  and  figure  2(b) 
tor  Alo.<Gao  aN  film.  In  both  cases,  the  linear  dependence  of 
electron  concentration  on  the  source  flow  rate  can  be  clearly 
observed,  although  only  about  one  third  ot  incorporated 
silicon  is  activated.  The  intensity  of  ca thodo  I  umi  nescence , 
which  may  be  due  to  near  band-edge  emission  increased  with  the 
increase  of  doping  level  of  Si  in  both  GaN  and  AIGaN  films. 


ELECTRON  CONCENTRATION  (cm'^) 
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INPUT  FLUX  OF  SIH;  (iccm)  INPUT  FLUX  OF  SiH.  (iccm) 


Fig. 2(a)  Dependence  of  the  Fig.2(t>)  Dependence  of  the 

electron  concentration  and  electron  concentration  and 

resistivity  of  GaN  film  resistivity  of  Aio.iGso  aN  f i im 

at  RT  on  the  siiane  at  RT  on  the  si  fane 

flow  rate  during  growth.  flow  rale  during  growth. 


Rea  I i za  t i on  of 


le  GaN  and  AIGaN  films 


Doping  of  Magnesium  (Mg)  was  carried  out  during  the  growth 
of  GaN  film  by  supplying  b i scycropen t adi eny  Imagnes  i  um  (Cp^Mg) 
as  a  Mg  source  gas.  Compared  to  Zn,  the  vapor  pressure  of  Mg 
is  rather  low,  and/or  the  sticking  coefficient  of  Mg  at  GaN 
surface  is  rather  high.  Therefore,  Mg  concentration  in  GaN 
changed  linearly  according  as  the  supply  flow  rate  of  Cp,Mg. 
And,  this  relationship  was  almost  independent  of  the  substrate 
temperature  (10).  Thus,  we  can  easily  obtain  the  desired  Mg 
concentration  and  its  profile  in  GaN  by  controlling  the 
supply  flow  rate  of  Cp^Mg. 

It  is  difficult  to  determine  the  type  of  conductivity  of 
as-grown  Mg-doped  GaN,  because  the  resistivity  is  too  high 
(about  10*  O  -cm).  The  Mg-doped  GaN  tended  to  become  low 
resistivity  by  low  energy  electron  beam  irradiation  treatment. 
(We  call  this  treatment  as  LEEB I - t rea tmen I  for  short  (S)). 
And  it  is  rather  easy  to  measure  the  Hall  effect,  it  was  found 
that  the  film  lends  to  show  p-lype  conduction  by  the  LEEBI 
treatment.  The  treatment  condition  is  sumnarized  in  Table  1. 
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Table  1  LEEBI  treatment  condition 


Accelerating  vo I t age ; 3-30KV 
Emission  current:l20  pA 
Beam  spot  size:60  pm^ 
Sample  temperature  :RT 


An  ohmic  contact  to  the  LEEBI  treated  Mg-doped  GaN  layer  was 
achieved  by  depositing  Au .  RT  hole  concentration  up  to  about 
1.4x10'^  cm  >  could  be  achieved.  Therefore,  it  can  be  said 
that  Mg  behaves  as  an  accep'.ci  impurity  in  GaN.  For  the  reason 
of  the  change  of  the  electrical  properties,  we  speculate  that 
some  interstitial  Mg  atoms  replace  Ga  atoms  at  lattice  sites 
by  the  LEEBI  treatment,  although  the  detailed  mechanism  is  not 
clear  at  present . 

In  the  PL  spectrum  at  4.2  K  of  the  Mg-doped  GaN  with  Mg 
concentration  less  than  2xl0*'‘cm-°,  O-A  pair  emission  and  its 
LO-phonon  replica  can  be  clearly  observed.  On  the  contrary,  in 
the  spectrum  of  undoped  GaN,  O-A  pair  emission  did  not  appear, 
and  E.-line  and  Is-line  appeared.  Therefore,  the  origin  of  the 
0 - A  pair  em ission  is  thought  to  be  residual  donor  (D)  and 
doped  Mg  acceptor  (A).  This  also  shows  that  Mg  acts  as  an  ac¬ 
ceptor  impurity  in  GaN. 

The  activation  energy  of  Mg  acceptor  was  found  to  be 
about  155-165meV,  which  is  somewhat  shallower  than  that  of  Zn 
( 2 1 omeV )  1 1 1 1 . 

As  seen  in  the  spectra  of  Mg-doped  GaN  with  Mg  concentra¬ 
tion  higher  than  5xt0’°  cm-',  a  strong  blue  emission  appears 
even  at  RT .  Therefore,  it  should  be  emphasized  that  Mg  forms 
the  biue  luminescence  centers  as  well  as  acts  as  an  acceptor 
i n  GaN . 

By  the  LEEBI  treatment,  the  intensity  is  remarkably  en¬ 
hanced  keeping  the  shape  of  the  spectrum.  The  Enhancement  of 
blue  luminescence  intensity  suggests  the  increase  of  Mg - 
related  blue  luminescence  centers,  which  may  be  due  to  the 
redistribution  of  Mg  atoms  by  the  LEEBi  treatment.  The 
detailed  mechanism  for  such  effects  of  the  LEEBI  treatment  on 
the  electrical  and  luminescence  properties  of  Mg-doped  GaN  is 
not  clarified  at  present. 

Figure  3  shows  that  'the  LEEBI  effect'  really  appears  in 
Mg-doped  Alo..Gao.aN  film.  The  intensity  of  purple-blue  emis¬ 
sion  becomes  about  twenty- times  stronger  than  that  of  as- 
g  r  own  s  amp  I  e  . 
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AAVhLL'.OTH 


Fig. 3  PL  spectra  of  the  as-grown  AIGaN  film 
and  the  LEEBI  treated  AIGaN  film. 


5.  Fabrication  of  AIGaN/GaN  mul t i -heterost ructures  and  their 
proper  1 i es 

For  the  fabrication  of  AIGaN/GaN  he t e r o s t r u c t u r e ,  we 
studied  widely  the  growth  of  AIGaN  on  GaN  film  grown  on  sap¬ 
phire  covered  with  the  AIN  buffer  layer.  As  an  important 
result,  we  found  that  high  quality  AIGaN/GaN  heterostructure 
with  smooth  surface  free  from  cracks  can  be  successfully 
grown,  when  the  thickness  of  AIGaN  layer  is  thinner  than  0.3 
urn  and  its  molar  traction  of  AIN  is  less  than  0.1  (6.7], 

Figure  4  shows  X-ray  rocking  curve  of  (0004)  diffraction 
of  A  I  „  .  .Gao  sN/GaN  I  ay e r ed - s t r uc l u r e  with  thickness  20  nm 
each.  The  main  GaN  peak  is  associated  with  the  GaN  under¬ 
layer,  and  others  are  with  the  I  ay e r ed - s t r uc t u r e .  This  ex¬ 
perimental  result  indicated  by  solid  line  agrees  well  with  the 
calculated  one,  which  is  shown  by  broken  line.  The  line  width 
of  the  zero-order  peak  is  nearly  the  same  as  that  of  the  GaN 
underlayer  (that  is  2-3  arcmin).  This  indicates  that  the  crys¬ 
talline  quality  of  the  layered-structure  is  as  good  as  that  of 
the  GaN  underlayer. 

The  PL  measurement  showed  the  first  observation  of  the 
quantum  size  effect  from  n i t r ide -based  heterostructure.  In  the 
relationship  between  the  shift  of  the  emission  peak  energy 
and  the  GaN  well  width,  experimental  results  are  in  good 
agreement  with  the  estimated  quantum  energy  leveis,  which  was 
calculated  using  Kronig-Penny  model,  assuming  that  m.=0.22mo 
and  m..=o . amo .  Band  discontinuities  were  estimated  according  to 
Harrison’s  mode  I  (  AEc  :  168  mcV,AEv:l2  meV)|l2]. 
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Fig. 4  XRC  of  the  AIGsN/GaN  multi- 
heterostructure  with  each  thickness  of  20  nm. 


6.  Development  and  characteristics  of  p-n  junction  type 
UV/blue  lioht  emitting  devices  with  AIGaN/GaN  double 
heterost  ructures 


By  using  double  he  I e ros t ructure ,  the  threshold  power  tor 
UV  stimulated  emission  by  optical  pumping  can  be  decreased 
markedly  about  one  sixth  by  carrier  confinement  as  shown  in 
figure  5 . 

Figure  6  shows  the  schematic  structure  of  the  newly 
deveioped  p-n  junction  type  AIGaN/GaN  double  heterostructure 
diode.  Typical  OC-EL  spectrum  at  RT  observed  from  the  newly 
developed  double  he t e r os t r uc t ur e  is  shown  in  figure  7.  The 
blue  emission  peaking  at  423  nm  is  due  to  the  transition  in 
Mg-related  centers  in  the  p-AIGaN  layer.  And  the  UV  emission 
peaking  at  372  run  is  thought  to  originate  from  band  to  band 
transition  in  GaN.  With  the  increase  of  the  injection  current, 
the  intensity  of  the  latter  emission  may  overcome  that  of  the 
blue  one  in  the  same  way  of  the  homo - j unc t i on  GaN  p-n  diode 
[13].  Typical  I -V  characteristic  of  these  diodes  is  shown  in 
figure  8.  As  shown  in  the  figure,  large  current  density  of  850 
A/cm^  can  be  obtained. 


0  0.3  0.6  0.9  1.2  1.5 

INPUT  POWER  DENSITY 

(MW/cm^) 

Fig. 5  Total  output  power  of  AIGaN/GaN 
double  he t eros t ruG t ur e  and  GaN  film 
excited  with  various  power  of  pulsed 
nitrogen  laser  light. 


_ _  1  Oyuni 

P-AIGaN:Mg  1... 


Fig. 6  Schematic  structure  of  the 
newly  developed  p-n  junction  AIGaN/GaN 
double  he  I eros I  rue  lure . 


r  ac I er i s  t i c  of  the 
unction  AIGaN/GaN 
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7,  Soiinarv 


By  MOVPE  using  the  AIN  buffer  layer,  crystalline  quality 
as  well  as  the  electrical  and  optical  properties  of  GaN  and 
AIGaN  films  was  remarkably  improved.  Conductivity  control 
for  n-type  GaN  and  AIGaN  films  has  been  achieved.  Both  GaN 
and  AIGaN  films  having  distinct  p-lype  conduction  have  been 
realized  for  the  first  time  (by  Mg  doping  and  following  LEEBI 
treatment).  High  quality  AIGaN/GaN  mu  I t i - he t er os t r uc t u r e  show¬ 
ing  quantum  size  effect  have  been  fabricated.  This  is  the 
first  time  observation  of  quantum  size  effect  from  nitride- 
based  wur tz i te- type  quantum  well  structure.  P-n  junction  type 
UV/blue  light  emitting  devices  with  AIGaN/GaN  double 
heterostructure  have  been  developed. 
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Abstract 

The  nitrides  of  Al,  Ga  and  In  are  III-V  compound  semiconductors  with  properties 
more  closely  akin  to  those  of  the  Il-Vl  system  and  applications  problems  of  similar 
type.  All  three  have  wide,  direct  hand  gaps  and  relatively  light,  therefore  mobile, 
electrons.  Less  encoui  gingly.  native  point  defects  appear  to  play  a  significant  role 
in  both  optical  and  electronic  properties. 

Both  experiment  and  theory  point  to  ;i  triplet  of  donor  sUUeS  associateii  with  the 
nitrogen  vacancy,  with  deep  compensating  centres  denving  from  antisite  defects. 
The  ionic  radius  of  the  nieUil  then  .seems  to  determine  the  conductivity  of  as-grown 
material,  indium  is  reluctant  to  occupy  nitrogen  sites  while  ahiminiuni  does  so 
readily  and  gallium  is  equivocal.  Thus  the  upper  donor  levid  of  InN 's  not  depleted 
and  n-type  behaviour  is  always  ol)ser\’cd.  the  equivalent  level  in  .AIN  is  always 
overcompensated  and  the  remaining  donor  levels  are  too  deep  to  contribute  free 
electrons  at  normtil  temperatures  so  that  the  materitil  is  consistenlly  insulating. 
Ga.N  m;iy  bo  n-type  or  semi-insulating  since  compensation  ratios  either  side  of 
unity  appear  to  he  possible,  depending  on  the  method  of  growth. 

In  this  p.'iper  we  review  the  evidence,  both  optical  and  clectncal.  for  the 
existence,  nature  and  energ'etic  location  of  the  four  basic  point  defects  in  each 
nitride,  noting  in  particular  that  id!  four  broad  luminescence  bands  in  (l.iN'iZti  can 
he  accounted  for  by  the  pre.sence  of  nitrogen  on  gallium  sites  and  of  nitrogen 
vacancies. 


/.  Introduction 

The  nitridc.s  of  the  three  gmoup  III  metals  .Al,  Ga  iind  In  have  received  attention 
vitrving  between  the  sporadic  and  the  sustained,  as  specific  applications  have  been 
promoted,  and  .as  a  .sequence  of  material  growth  and  processing  strategies  have 
emerged. 

Indium  nitride  is  an  n-lype  semiconductor  with  a  hand  gap  in  pure  material  of 
LfiefioV'  '  ,  often  .Mos.s-Burstein  shifted  to  iibout  2.0.'ieV  in  the  more  commonly 
produced  samples  of  high  electron  concentration-"'.  The  low  conduction  band 
density  of  states  responsible  for  this  shift  suggests  that  the  conduction  electron  is 
light  and  its  mobility  therefore  high,  an  inference  subsUintiaU'd  in  experimental 
values  ’'  as  high  as  4  x  lO'cm’^V  '  s'*  in  relatively  poor  polycrystalline  samples  of 
n-lO’’  cm  ‘  .  This  combination  of  wide  gap  and  high  electron  mobility  suggests  that 
useful  devices,  including  those  luminescent  in  the  orange  spectral  region,  can  be 
constructed  eventually,  although  we  are  unaware  of  any  reports  of  efficient  photon- 
emission  or  of  successful  counter-doping  of  this  compound. 
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Tht‘  blue  oiectrolumincscencp  characteristic  of  {taliiuni  nitride  has  been  of 
interest  over  a  number  of  years''^’-*V  revived  more  recently  as  viable  vapour  phase 
epittixial  growth  methods  have  '  _on  developed' .  Although  direct  band-to-band 
recombination  delivers  an  ultraviolet  (365nm)  phe'-n  of  3.39e\'  .  brnad-band 
emission  is  found  over  much  of  the  visible  spectrum  '®'  depending  upon  a 
combination  of  extrinsic  influences  including  choice  of  dopant  and  growth  method. 
•As-grown  material  may  be  semi-insulating  or  n-type,  although  doping  with 
magnesium  is  reported  '  to  produce  genuinely  p-tyTie  material. 

Aluminium  nitride,  in  common  with  the  gtillium  compound,  has  attracted 
interest  as  a  result  of  both  insulating  and  piezoelectric  properties  .  The  band  gap 
IS  .0.9  eV  ,  although  this  may  be  reduced  by  a  few  percent  if  stoichiometry  is  not 
maintained,  or  increa,scd  by  a  similar  margin  when  oxygen  is  present  as  the 
oxynitride  AIN  has  excellent  insulating  properties,  low  dielectric  loss  and 
dispersion  of  permittivity  "",  and  can  be  prepared  at  low  temperature  on  tla.As 
substrates  leading  to  the  pos.sihility  of  metal-insulator-seini'-onductor  st,‘uctures 
entirely  within  the  11 1- V  system . 

K,ich  of  these  potential  applications  requires,  amongst  other  factors,  an 
understanding  of  the  nature  of  native  defects  in  each  maienal  and  in  particular  the 
charge  states  ;md  energies  of  electron  levels  generated  by  the  four  residual  point 
defects  mietal  vacancy  nitrogen  vacancy  and  amisile  defects  ar.d  ' 
likely  to  persist  even  under  optimal  growth  conditions.  Such  states  may  trap 
carriers,  either  presenting  a  space-charge  particularly  undesirable  in  ,\11S 
structures  nr  increasing  the  density  of  point  charges  with  a  consequent  degradation 
of  mobility  in  conductive  material.  Deep  levels,  particularly  these  close  to  mid-gap 
offer  preferential  recombination  routes,  frequently  non-radialive  and  thus  inimical 
to  luminescent  de\ices.  Since  autocompensation,  invoKang  the  interaction  between 
dopant  atoms  and  doping-generated  point  defect  compensators,  has  limited  the 
range  of  applicatiotis  of  direct  wide-gap  Il-Vl  compound  semiconductors,  it  is 
possible  that  similar  interactions  may  be  influential  in  the  l]I-.\  system.  It  is 
therefore  germane  to  examine  the  substantial  amount  of  experimental  evidence  for 
the  existence  and  nature  of  point  defect  levels  in  these  compounds,  in  the  light  of 
theoretical  guidance  provided  by  Jenkins  and  Dow  -'”. 

Since  calculated  electronic  structures  show  the  same  commonality  of  features 
across  all  three  compounds  as  do  a  broader  range  of  properties-'  ,  we  remark  first, 
on  general  theoretical  and  expenmental  approaches. 

U  Theoretical  Considerations 
II. 1  Hydrogenic  centres 

Where  the  potential  surrounding  the  defect  varies  only  slowly,  an  effective  mass 
treatment  can  be  employed.  The  energy  levels  are  given  in  terms  of  the  effective 
Rydberg  energy  by: 

£  =  where  R,,  =  q'm*  l2(AKe^Y  h"  ...tl) 

This  result  is  valid  only  for  shallow,  single  donors  or  acceptors  in  non-polar 
semiconductors  with  spherical  constant  energy  surfaces  close  to  the  band  extrema. 
Only  the  last  of  these  conditions  is  met  in  III-N  compounds  and  only  the  nitrogen 
vacancy,  ,  is  sufficiently  shallow  in  all  three  to  be  susceptible  to  a  hydrogenic 
treatment.  Substituting  Zq  for  q  for  a  multiple  donor  of  degeneracy  Z  extends  the 
model  successfully  to  excited  states  while  underestimating  the  ground  state 
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energy*'^'  .  P2xtension  to  polar  materials  reqxiires  the  inclusion  of  the  coupling 
between  electron  and  optical  phonon  modes.  The  collective,  polaron,  excitation  has 

mass  given,  in  the  usual  nomenclature,  by: 

m ^  ( 1  f  a  / 12)/  (1-  a  / 12)  ,  where  a  =  /  4i:£„h)(f),'  -  e'’)/  (m‘  /  2/la))'^  ...(2) 

Here  c.  and  e,  are  the  high  and  low  frequency  relative  permittivities  respectively. 

Table  I  brings  together  calculated  hydrogenic  ground  and  first  excited  energies 
for  hydrogenic  donors  in  the  IITN  compounds  and  relevant  parameters.  Equivalent 
data  for  GaAs  and  InP  are  included  for  comparison.  The  correct  choice  of  a  value 
for  permittivity,  e, ,  in  equation  1  is  made,  following  Ridley!®*!,  by  observing  that 

R* for  all  three  nitrides  so  that  e,  = 

The  photoionisation  process  which  takes  an  electron  from  a  neutral  hydrogenic 
donor  into  a  parabolic  conduction  band  is  characterised  by  an  absorption  coefficient 
a„  which  depends  on  photon  energy  ft(D  as: 

-  E  ^/{huiY  ...(31 

where  is  the  excitation  threshold  energy. 

Equation  (3)  represents  a  narrow  absorption  peak  whose  maximum  is  at  an 
energy  5£„/4  .  In  a  typical  experiment,  the  threshold  is  much  more  sensitive  than 
the  peak  to  thermal  broadening,  so  the  latter  is  used  to  estimate  the  former. 

In  most  semiconductors  the  mobility  of  a  thermally  generated  free  electron  is 
sufficiently  insensitive  to  temperature  to  allow  a  direct  interpretation  of  donor 
depth  from  temperature  dependence  of  conductivity  o(Ti.  since: 

a  m  h  E,)  /  kT)  ...i4) 

The  value  of  E^  obtained  experimentally  from  equations  (3)  and  (4)  may  not 
coincide  since  the  techniques  do  not  measure  the  same  quantity.  There  may  be  a 
significant  difference  in  the  strongly  polar  lattices  of  the  nitrides,  for  which 
available  experimental  data  are  discussed  in  section  111  . 


TABLE  1  Data  for  modified-hvdrogenic  calculations 


All  energies  are  in  meV.  Suffixes  to  Rydberg  constants  are:  1  and  2,  singly  and 
multiply  charged  donor  states;  0  and  P,  unmodified  and  polaron-modified  values. 
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ho),„ 

buiro 

H* 

mo 
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R« 

^  H  2P 

InN 

8.4 

15.3 

0.12 

89 

57 

23 

90 

24 

94 

0,24 

1.04  I 

GaN 

5.5 

10 

0.20 

79 

70 

90 

360 

97 
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0,48 

1.0831 

AIN 

4.7 

8.5 

0.33 

97 

82 

200 

800 

216 

890 

0.65 

I.II4I 

GaAs 

10.9 

13.18 

0.067 

30 

32 

5.24 

- 

5.33 

_ 

0.088 

I.OI5I 

InP 

9,5 

12.35 

0.08 

39 

43 

7.14 

7.29 

0.127 

1.021' 
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II.2  Quantum  defects  and  deep  levels 

Even  if  core  effects  cannot  be  ignored,  an  effective  mass  approach  may  still  be 
appropriate  provided  a  quantum  defect  ground  state  wavefunction  is  used.  Here  the 
absorption  coefficient,  «q  ,  for  a  neutral  centre,  a  deeper  occupied  donor  for 
example,  becomes: 

^  {hw  -  /  (hw)^  ...(5) 

A  significant  feature  of  this  result  is  that  the  energy  at  the  absorption  peak  is 
twice  that  at  the  threshold  Eq  . 

The  energies  associated  with  deep  levels,  where  the  effective  mass  approximation 
breaks  down  completely,  can  be  determined  using  techniques  not  unlike  band 
structure  calculations.  Jenkins  and  Dowi^®'  and  othersf^-^'’!  have  employed  a 
technique  attributed  to  Hjalmarson  et  al.*'*"  in  which  empirical  tight-binding 
theory  is  used  to  determine  an  effective  defect  potential  V,  but  the  effects  of  long- 
range  coulombic  potentials  and  charge  splitting  of  the  levels  are  neglected.  It  is  said 
that  uncertainties  of  a  few  tenths  of  an  eV'  result'^',  clearly  of  experimental 
significance  in  the  case  of  levels  in  the  proximity  of  the  band  edges. 

Cross  sections  for  the  photoionisation  of  deep  levels  depend  upon  whether  the 

impurity  state  is  1  s>-like  or  |  p  >-like.  The  relevant  absorption  coefficients  take 
the  form: 

«  (fio)  -  /  Ao)  (  |s>)  ...f6) 

=«  (fid)  -  E^p)^‘  / fio)  (  |p>)  ...(6bi 

Since;  a)  deep-level  threshold  energies  are  large,  by  definition,  and  b)  densities 

of  states  away  from  the  band  extrema  cease  to  be  parabolic,  the  likely  range  of 

usefulness  of  (6)  is  confined  to  the  vicinity  of  the  experimental  absorption  edge. 


U1 _ Experimental  Data 

In  comparison  with  other  III-V  compounds,  basic  data  on  the  optical  and 
electronic  properties  of  InN  and  AIN  are  sparse  while  GaN  has  been  more  widely 
studied.  Much  of  the  experimental  work  has  involved  polycrystalline  thin  films  with 
large  surface  area  to  volume  ratios  in  which  surface  states  play  an  important  role. 
Single  crystal  GaN  and  AIN  have  been  studied  but  not  specifically  for  defect 
properties.  Recent  advances  in  deposition  of  GaN  films! in  particular  by 
molecular  beam  epitaxy  (MBE),  and  metalorganic  chemical  vapor  deposition 
(MOeVD)  may  permit  the  resolution  of  some  of  the  features  of  defect  behaviour. 

In  the  following  discussion  of  experimental  results,  data  are  quoted  for  material 
prepared  by  a  variety  of  techniques,  often  with  little  detail  reported  on  either  the 
method  or  the  nucroraorphology  of  the  product.  Since  these  are  crucial  to  the 
determination  of  defect  content,  it  is  not  possible  to  speculate  in  many  cases 
whether  the  defects  ascribed  to  particular  energy  levels  are  plausible.  Our 
previously  published  resultsi'-wi  have  all  been  obtained  on  radio  frequency 
reactively  sputtered  (RFRS),  polycrystalline  films.  New  results  appearing  here  are 
from  films  grown  by  either  RFRS  or  laser  activated  chemical  vapour  deposition 
(LCVD)‘“i. 
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Each  of  the  nitrides  is  also  susceptible  to  oxygen  contamination  on  exposure  to 
atmosphere.  In  the  case  of  InN  a  few  surface  monolayers  are  converted  to  the 
oxide™  while  absorption  bands  at  4.45  and  4.95  eV  in  AIN  have  been  ascribed  to 
oxygen™  .  The  problems  are  most  acute  in  AIN  where  an  oxygen  solubility  limit  of 
8%  is  reported'^"'  and  both  the  oxide  and  oxynitride  may  occur  during  growth  unless 
strict  precautions  are  taken  for  the  exclusion  of  the  impurity  from  both  deposition 
system  and  precursors'^-^' 

A  survey  of  the  room  temperature  optical  absorption  spectra  of  InN,  GaN  and 
AIN  in  the  energy  range  40  meV  to  6  eV  shows  the  three  compounds  to  have  a 
number  of  features  in  common:  a)  direct  band-to-band  absorption  edges,  b)  band 
edge  tails  and  mid-gap  absorption  features  of  extrinsic  origin  and  associated  with 
crystal  defects,  and  c)  optical  phonon  absorption  structure  in  the  infrared. 

Each  of  the  compounds  additionally  shows  at  least  one  electron  trap  capable  of 
thermal  excitation  into  the  conduction  band  over  some  temperature  range. 

Band-to-band  absorption  in  polycrystalline  RFRS  film  samples"”'  is  typical  of 

direct  P  (  f  I  .  ff  in  this  case)  transitions  and  yields  minimum  transition  energies 
of  1.94  eV  ,  3.40  eV  and  5.94  eV  for  InN  ,  GaN  and  AIN  respectively.  The  value  for 
InN  ,  which  shows  a  significant  Moss-Burstein  shift  above  the  low  electron 
concentration  limit  of  1.89  eV'"  ,  is  for  a  sample  of  n~  10”  cm".  We  now  discuss  the 
levels  introduced  by  the  native  defects  in  each  of  the  nitrides. 

III.I  Indium  nitride 

InN  has  received  very  little  attention  because  of  the  difficulty  inherent  in  the 
preparation  of  stoichiometric  samples.  High  mobility  material  with  electron 
concentrations  below  10”  cm’  at  room  temperature  has  been  prepared  by  RFRS 
with  balanced  target  nitridation'^l  Figure  1  identifies  the  five  distinguishable 
energy  levels  observed  in  the  gap  and  further  includes  the  result  of  the  hydrogenic 
calculation  from  table  I  and  the  deep-level  calculations  of  Jenkins  and  Dow. 

A  shallow  level  appears  as  a  shoulder  at  50  meV  on  the  60  meV  infrared 
absorption  peak  associated  with  the  LO  phonon''^'.  The  threshold  energy  of  40 
meV  agrees  well  with  the  45-50  meV  thermal  activation  energy  measured  in 
samples  with  carrier  concentration  between  7xl0”cm'‘  and  10” cm’  at  room 
temperature'-*®^  This  group  of  samples  reached  an  exhaustion  region  below  150  K 
with  n  in  the  range  2.5  to  7  x  10”  cm’.  No  further  variation  in  concentration  was 
observed  down  to  25  K,  a  temperature  at  which  kT=  2  meV  ,  the  absence  of  carrier 
freeze-out  implying  an  additional  donor-like  level  very  close  to  ,  or  resonant  with, 
the  band  edge. 

An  important  feature  in  the  absorption  spectrum  of  InN  is  a  broad  band  centred 
at  about  0.2eV,  and  with  a  full  width  at  half  maximum  (h'WHM)  of  about  0.25 
eV'”',  which  has  been  interpreted  as  either  a  deeper  donor  level  or  a  compensating 
acceptor**^-”' .  The  width  of  this  peak  precludes  detailed  analysis  as  a  strictly 
hydrogenic  state  whilst  its  shallowness  suggests  that  a  deep-level  approach  is 
equally  inappropriate.  Excitation  thresholds  are  obtained  by  plotting  the  quantity 

vs  fio)in  accrordance  with  equation  5  we  have  found  excitation  thresholds 
of  0.155,  0.215  and  0.255  eV  in  three  samples  of  room  temperature  electron 
concentration  5  x  10”,  1  x  10”  and  1  x  10”  cm’  respectively,  The  energies  of  peak 
absorption,  are  0.31,  0.37  and  0.41  eV  respectively  and  threshold  and  peak  energies 
both  increase  with  electron  concentration  at  a  rate  compatible  with  the  filling  of 
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conduction  band  states.  The  shift  in  absorption  edge  indicates  a  low-concentration 
limit  of  about  0.15  eV  for  the  threshold  energy. 


Figure  1  Distribution  of  defect 
levels  in  the  band  gap  of  InN.  The 
states  in  column  I  are  those 
reported  from  experimental  studies 
and  fall  into  five  groups,  A  to  E. 

Column  2  shows  the  result  of 
donor-level  calculations  in  the 
modified-hydrogenic  approximation 
from  Table  I.  Column  3  data  are 
the  electron  states  calculated  in 
reference  26  for  the  following 
defects:  I=V,.  ,  II=In^.  ,  in=N,„ . 

1V=V,„  . 

Indium  Nitride 

E\idence  thus  points  to  a  relatively  deep  donor  level  at  about  150  meV  below 
the  conduction  band  with  a  second  level  at  40  meV.  The  energy  of  the  former  is 
close  to  the  predicted  hydrogenic  ground  state  for  the  double  donor  associated  with 
the  nitrogen  vacancy  and  within  the  range  predicted  by  deep-level  calculations^™' 
Details  of  its  absorption  line  shape  are  better  described,  however,  by  a  quantum- 
defect  analysis  intermediate  between  these  two  approaches.  The  shallower  level 
becomes  identifiable  as  elevated  by  coulomb  interaction  when  the  donor  is  doubly 
occupied. 

The  persistence  of  a  significant  electron  concentration  down  to  temperatures 
where  kT  is  of  the  order  of  2  meV  indicates  that  the  prediction  of  a  third  donor 
level,  resonant  with  the  conduction  band,  is  also  correct.  Finally  we  note  that 
absorption  strength  within  this  band  increases  \vith  electron,  and  therefore  donor, 
concentrationi'’®i  as  the  above  interpretation  would  require. 

When  free  carriers  are  excited  in  n-InN,  charge  balance  requires  n  =  N7-,  . 
However,  mobility  measurements  indicate  that  ionised  impurity  scattering  involves 
a  component  due  to  charged,  compensating  acceptors.  Compensation  ratios  No  / 
N4  between  about  1.3  and  3  have  been  inferred'”  .  This  evidence  suggests  the 
involvement  of  the  In^  ,  and  N^,  defects,  each  of  which  includes  hole  states 
which  would  be  empty  (of  holes)  and  therefore  carry  a  negative  charge  when  the 
fermi  level  lies  close  to  the  conduction  band  edge.  Two  absorption  features, 
appearing  as  longer  wavelength  tails  on  the  band-to-band  absorption  edge,  can  be 
identified  as  follows. 

In  low-doped  material,  n  <  2  x  10'^  cm^  plots  of  vs  fioi  yield  straight  lines'”' 
with  thresholds  E^p  between  0.9  and  1.2  eV  in  accordance  with  the  prediction  for 

E„p  I  p>  like  states  of  equation  (fib).  TTie  apparent  threshold  energy  varies  strongly 
with  electron  concentration  for  this  group  of  samples  with  the  shallowest  (0.9  eV) 
occuring  in  n  =  2.3  x  10'’cm  ’  material  and  the  deepest  (1.2  eV)  in  our  lightest 
doped  saimple  at  n  =  1.1  x  10”  cm^. 
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Figure  2  Absorption  data  for  deep 
levels  in  InN,  GaN  and  AIN.  In 
accordance  with  equation  6a,  the 
absorption  coefficient  a  is  plotted  as 
a“'(fi<o)  against  ft  or  and  yields  threshold 
energies  of  about  2/3  E;.  in  each  case. 


In  higher  doped  samples,  n  >  5  x  IC’cm^  ,  an  absorption  tail  with  threshold 
energies  between  1.35  and  1.65  eV  ,  and  no  systematic  variation  with  electron 

concentration,  is  obseiwed.  This  result  is  obtained  from  linear  plots  of  a'’{hu>)vs, 
hco  ,  an  example  with  1.5  eV  is  shown  in  figure  2  along  with  similar  levels  in 

GaN  and  AIN,  and  indicates  the  involvement  of  |s>  -like  states  as  shown  by 
equation  6a. 

These  two  defect  bands  may  be  associated  with  the  calculated®-  In^.  levels  at 
about  0.8  eV  and  deeper  N^,  levels  at  about  1.5  eV.  We  note,  however,  that  low 
electron  concentrations  are  obtained  experimentally  by  increasing  nitrogen  content 
in  order  to  minimise  V^.  donor  concentrations,  at  the  same  time  increasing  N^,  . 
Similarly,  reduced  nitrogen  concentration  yields  higher  electron  concentrations 
brought  about  by  the  increase  in  while  commensurate  with  this  would  be  an 
increase  in  •  The  experimental  leV  level  in  low-doped  material  is  therefore 
more  plausibly  associated  with  the  presence  of  N,^  while  the  deeper  l,5eV  level  can 
be  associated  with  its  converse  In^M. 

1II.2  Gallium  Nitride 

GaN,  with  a  bandgap  of  3,4  eV  has  proven  to  be  rather  easier  to  prepare  than 
InN  and  a  good  deal  of  information  on  defect  levels  has  been  gathered.  This  is 
collected  with  relevant  calculated  values  in  figure  3.  Shallow  donor  levels  have 
been  reported  in  GaN  with  energies  10-40  meV<'"^”'  (group  A)  and  110-115  meV'"  '^'" 
(group  B)  both  from  the  temperature  dependence  of  carrier  concentration  and 
optically.  Single  reports  of  miscellaneous  energy  levels  in  this  region  also  exist 
although,  in  general,  their  nature  has  not  been  posited.  Vavilov  et  al.'-'^'  suggest 
either  impurities  or  native  defects  to  be  responsible  for  the  1  lOmeV  level, 
considering  also  the  possibility  of  absorption  by  excitons  although  these  are  now 
known  to  be  considerably  shallower.  Tansley  et  al.'”'  ascribed  these  levels  to 
nitrogen  vacancies.  Thermal  activation  analysis  of  their  insulating  GaN  reveals  a 
donor  (group  C  of  fig.  3)  the  depth  of  which  varies  between  0.23  eV'“'  and  0.39  eV"*' 
and  is  generally  coincident  with  a  modified  hydrogenic  estimate  of  about 
0.39  eV  (table  I).  We  therefore  suggest  that  the  three  electron  states  associated 
with  in  GaN  are  located  at  about  30  raeV,  100  meV  and  0.4  eV  below  the 
conduction  band. 


A  deep  level  is  observed  in  thermal  activation  to  be  between  0.8  eV  and  1.1  eV 
below  the  conduction  band  edge'"""*'  (group  D  of  fig.  3)  and  has  been  variously 
attributed  to  gallium  vacancies  or  carbon  impurities.  A  better  interpretation  is  that 
the  level  represents  the  nitrogen  antisite  defect  predicted  by  Jenkins  and  Dow. 

The  deep  trap  (group  E  of  fig.  3)  which  we  observe  as  a  band  tail  absorption 
feature'’”’  has  a  threshold  in  the  range  2.3-2.7  eV  when  plotted  as  an  |  s>like  level. 
An  example  is  included  in  figure  2.  The  proximity  of  the  level  to  the  2.8  eV 
prediction  for  Ga^  of  Jenkins  and  Dow  suggests  a  correspondence. 

A  level  at  3.264  eV  (F)  has  been  identifiedi''^"''''  '*®i  (by  photoluminescence  of  doped 
single  crystal  GaN)  to  be  a  result  of  gallium  vacancies  and  agrees  well  with  the 
location  predicted  by  Jenkins  and  Dow. 

Much  of  the  detail  available  from  luminescence  spectroscopy  of  GaN  is  concerned 
with  samples  including  at  least  one  of;  i)  heavy  doping,  ii)  high  compensation  levels 
and  iii)  non-ideal  crystallinity.  It  is  clear  from  a  survey  of  the  published  data  that 
many  spectral  features  are  independent  of  the  introduced  species  and  therefore 
involve  native  defects. 

Edge  emission  at  room  temperature  and  in  undopec  material  is  at  365nm 
(3.39eV),  an  excitonic  photoluminescence  peak  displaced  by  about  30meV'  from  the 
direct  band  to  band  transition  energy.  Study  of  this  feature  at  lower  temperature 
has  furnished  much  detail  on  exciton  structure  in  GaNi''^  ‘'9l . 

The  introduction  of  zinc  as  a  compensating  centre  generates  a  broad  blue 
emission  peak  centred  at  about  2.92eV'''''i,  indicating  a  recombination  centre  at 
about  470meV  above  the  valence  band.  Extinction  of  this  peak  at  higher 
temperatures  has  a  dependence  suggesting  a  relaxation  energy  of  about  330meV  for 
this  centre  acting  as  a  hole  trap  in  thermal  exhaustion.  Coincidentally,  the 
introduction  of  phosphorus  as  an  alternative  compensator  to  zinc  yields  almost 
identical  photon  and  hole  emission  energies'*". 

Figure  3  Distribution  of  defect 
levels  in  the  band  gap  of  GaN. 

The  states  in  column  I  are  those 
reported  from  experimental 
studies  and  fall  into  six  groups 
A  to  F.  The  gallium  vacancy,  F, 
at  E(,-3.264  eV  is  often  seen  in 
luminescence  studies.  Column  2 
shows  the  result  of  donor  level 
calculations  in  the  modified 
hydrogenic  approximation  Ifom 
Table  I.  Colurrm  3  are  the 
electron  states  calculated  in 
reference  26  for  the  following 
point  defects:  I=V^,  II=Nq., 

III=Ga„,  IV=V,^  . 


Gallium  Nitride 
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In  addition  to  the  blue  peak,  GaN;Zn  emits  broad  bands  in  the  green  (centred  at 
about  2.6eV),  orange-yellow  (2.2eV)  and  red  (1.3eV)  regions*'®-^^'.  Whilst  the  2.6eV 
band  requires  Zn  (or  other  similar)  compensation,  the  2.2eV  emission  occurs  in  VPE 
grown  material  in  which  carbon  has  precipitated'^'.  Most  significantly,  this  band 
has  been  observed  in  samples  implanted  with  no  less  than  thirty  five  atomic 
species'®""  ,  clear  evidence  of  its  defect-related  nature.  The  red  emission  band  is 
variously  reported  as  centred  between  1.65  and  1.85eV,  is  also  certainly  defect- 
related  but  appears  to  have  some  dependence  upon  the  impurity  species 
introduced'®'*' . 

A  possible  scheme  for  the  involvement  of  the  defects  identified  in  figure  3,  and  in 
view  of  the  above  discussion,  is  suggested  in  figure  4.  Band  to  band  emission  at 
3.39eV  (transition  I)  is  superseded  by  preferential  recombination  via  the 
compensator  when  zinc  is  introduced  (II),  yielding  blue  2.92eV  luminescence  and 
locating  the  zinc  level  at  about  Ev+470meV.  Since  the  nonstoichiometric  nitrogen 
vacancy  is  always  likely  to  present,  donor-acceptor  recombination  is  an  obvious 
candidate  for  green  emission  (III).  A  peak  centred  at  2.56  eV  would  require  \\  to 
be  located  about  360meV  below  the  conduction  band  and  this  correlates  well  with 
both  calculated  and  measured  values  for  donor  ground  state  energy. 

The  independence  of  orange-yellow  emission  (IV)  of  extrinsic  dopants  suggests 
the  participation  of  a  defect  level  at  a  depth  of  about  leV  and  the  experimentally 
observed  centre,  which  we  have  suggested  is  associated  with  the  antisite  defect, 
(figure  3)  is  an  obvious  candidate.  Finally,  we  point  out  that  the  energy  difference 
between  this  centre  and  those  induced  by  a  group  of  impurities,  including  P  and  Zn 
is  about  1,75  eV,  The  location  of  this  energy  within  the  red  emission  band  leads  us 
to  the  tentative  allocation  (V)  of  red  emission  to  a  acceptor  transition. 

Figure  4  Suggested  scheme  for 
the  involvement  of  native  defects 
in  the  four  principal  luminescence 
bands  (Ihblue,  Ilhgreen, 

IV.orange-yellow,  V:red)  in  GaN, 
either  Zn  compensated  or 
undoped.  The  ultraviolet 

emission  (I)  is  direct  band-to-band 
recombination-emission. 


I1I.3  Aluminium  nitride 

A  surprising  volume  of  information  is  available  on  AIN  although  its  popularity 
stems  from  its  use  in  tribological  and  diffusion-resistant  coatings  rather  than  its 
semiconducting  properties.  Thus  while  it  is  relatively  simple  to  prepare,  until 
recently  material  quality  has  not  been  optimised  for  electronic  properties  and  the 
values  available  are  many  and  varied.  Those  attracting  some  concensus  are 
collected  in  figure  5,  along  with  the  modified  hydrogenic  result  and  the  predictions 
of  Jenkins  and  Dow.  Again  the  range  of  values  reported  for  the  donor  excitation 
falls  into  three  groups  at  about  170,  500  and  800-1000  meVo2-“-'»i.  Recently,  we 
have  reported  a  study  of  thermally  activated  conductivity  in  AIN'® ,  identifying  a 
deep  donor  level  at  790  meV.  This  agrees  surprisingly  well  with  the  values 
predicted  from  the  hydrogenic  {800  meV)  and  deep  level  (500  and  1000  meV) 
approaches  in  view  of  the  shortcomings  of  each  in  this  energy  range.  By  analogy 
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with  InN  and  GaN  it  is  therefore  reasonable  to  assume  that  a  donor  triplet  at  about 
200  meV,  500  meV  and  900  eV  is  associated  with  V^.  in  AIN. 

A  deeper  level  with  threshold  1.4-1.85  has  been  repeatedly  observed 

and  can  be  identified  with  the  calculated  level  of  1.6  eV  for  N^,  . 

Deep  level  excitations  have  been  observed  with  a  range  of  thresholds.  The  band 
tail  absorption  analysed  in  the  same  way  as  for  InN  and  GaN  is  included  in  figure  2 
and  has  a  range  of  thresholds  between  3.4  and  4.5  eV.  An  example  at  4.5  eV  is 
shown,  while  other  workers  have  reported  3.45  eV™,  3.1  to  3.7  eVi=®'  and  4.2  eV'“'. 
Although  the  V^,  levels  are  predicted  to  lie  within  this  range,  the  similarity  of 
behaviour  to  the  metal  antisite  defects  in  InN  and  GaN  suggest  that  Al,,  is 
responsible. 


Figure  5  Distribution  of  deep  levels 
in  the  band  gap  of  AIN.  The  states 
in  column  1  are  those  reported  from 
experimental  studies  and  fall  into 
five  groups  A  to  E.  Column  2  shows 
the  results  of  donor  level 
calculations  in  the  modified 
hydrogenic  approximation  from 
Table  I.  Column  3  data  arc  the 
electron  states  calculated  in 
reference  26  for  the  following  point 
defects;  l=V,.,  1I=V,,  111=N,  , 

IV=V,,,V=V^,,VI=A1,. 


DL _ Summary  and  Conclusions 

Median  values  of  experimentally  reported  defect-related  levels  in  the  three  group 
III  metal  nitrides  are  brought  together  in  table  II.  A  common  feature  is  the  presence 
of  a  triplet  of  shallow,  donor-like  levels  associated  with  mtrogen  vacancies  the 
depth  of  which  increases  for  lighter  occupants  of  the  metal  site. 

The  presence  of  deeper,  compensating  antisite  defects  becomes 
thermodynamically  less  probablei^i  as  the  atomic  mass  difference  between  gpIII 
and  gpV  components  increases.  Thus  InN,  with  very  shallow  and  uncompensated 
donors  is  invariably  an  n-type  semiconductor,  while  AIN,  with  a  much  deeper  donor 
and  high  compensation  levels,  is  invariably  an  insulator.  GaN  lies  between  these 
extremes  of  behaviour,  as  might  be  expected  from  a  combination  of  a  donor  of 
moderate  depth  and  some  tendency  to  compensation,  and  the  selection  of  growth 
method  dictates  the  conductivity  obtainable.  It  is  worth  noting  that  the  available 
level  of  control  in  as-grown  GaN  is  commensurate  with  the  much  greater  effort  thus 
far  devoted  to  it. 
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TABLE  II  Probable  Assignment  of  Experimental  Data  (median  values) 


Nitride 

V,,,  donor  triplet  (meV) 

Nm  (eV) 

M„(eV) 

V^(eV) 

E,,{eV) 

InN 

0  40  150 

1.05 

1.5 

- 

1.89 

GaN 

30  110  390 

0.9 

2.3 

3.264 

3.4 

AIN 

170  500  900 

1.7 

4.5 

3.8 

5.9 

Because  it  is  a)  heavily  occupied  and  b)  sufRciently  shallow  to  have  a  large 
optical  cross  section  for  excitation  to  the  conduction  band,  the  ISOmeV  donor  level 
in  InN  provides  a  significant  spectral  absorption  feature.  Examination  of  this  level 
in  quantum-defect  terms  is  fruitful  and  a  revised  threshold  value  '  is  obtained. 
Threshold  energy  varies  with  electron  concentration  in  the  conduction  band  in  a 
way  entirely  compatible  with  the  band-filling  process  respcncble  fo>-  the  Moss- 
Burstein  shifl''’®i  in  optical  band  gap.  A  low-electron-concentration  limit  of  ISOmeV 
is  deduced. 

A  hydrogenic  treatment  of  donor  levels  yields  results  close  to  those  obtained 
experimentally,  surprisingly  since  both  depth  and  complexity  would  suggest  the 
approach  to  be  inappropriate. 

Deep  levels  in  gallium  and  aluminium  nitrides,  in  most  respects,  appear  to  have 
the  general  features  predicted  by  Jenkins  and  Dow.  The  location  of  the  N  antisite 
ueleci  at  about  1.7eV  is  well  substantiated  by  a  number  of  reports  in  the  range  1.4- 
l.SeV  whilst  the  Nq„  prediction  of  about  0.45eV  is  somewhat  shallower  than 
expenmental  data  between  0.8  and  0.9  eV.  The  antisite  and  V^,  vacancy  defects 
all  lie  within  the  bottom  half  of  the  respective  bands  and  are  manifest  as  absorption 
tails  on  direct  band  to  band  spectral  edges.  Here  additional  information  on  the  I  s> 
or  1  p>  like  character  of  the  defect  helps  in  identification. 

The  gallium  vacancy  observed  in  studies  of  GaN  luminescence  is  at  .3.26eV  below 
the  conduction  band  and  close  to  the  calculated  value  of  about  3.3eV.  The  GaN 
band  tail,  and  |  s>  like  absorption  feature  with  threshold  in  the  2.2-2.5eV  range, 
can  therefore  be  attributed  to  the  Ga^  antisite  defect  with  some  confidence.  Similar 

I  s>  like  features  appear  in  AIN  between  3.4  and  4.5eV,  a  range  embracing  the 
predicted  V^,  antisite  defect,  while  its  converse,  Al^, ,  is  calculated  to  lie  somewhat 
deeper  at  about  5.2eV,  Studies  of  the  effect  on  optical  properties  of  the  in-diffusion 
of  excess  aluminium  strongly  suggest  that  the  1  s>  like  feature  is  associated  with 
Alj,  rather  than  ,  a  view  supported  by  its  similarity  to  GaN. 

The  situation  in  InN  is  less  clearly  related  to  the  predicted  levels  for  In^  at  0.8eV 
and  N|„  at  l.SeV.  We  find,  in  a  large  number  of  reactively  sputtered  samples  which 
we  will  call  type  I,  an  |  s>  like  level  between  1.35  and  1.65eV,  experimentally 
similar  to  the  Mfj  antisite  defect  in  boih  gallium  and  aluminium  nitrides  and  also  at 
about  2/3  bandgap.  Present  in  other  samples  is  a  type  II  feature,  rather  shallower 
at  0.9  to  1.2eV  and  of  |  p>  like  character  which,  if  the  above  allocation  is  correct,  is 
associated  wdth  Nj^.  These  allocations  are  the  reverse  of  the  theoretical 
predictioni26i.  Whether  a  sample  is  of  type  I  or  II  depends  upon  the  circumstances  of 
its  growth.  Type  I  are  typically  prepared  at  higher  growth  rates  and  lower  nitrogen 
pressure  from  less-nitrided  targets,  conditions  which  yield  high  nitrogen  vacancies 
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concentrations  evident  in  high  electron  densities,  (n>5  x  10”  cm-^)  and  more 
favourable  to  the  generation  of  Inf^  antisite  defects.  Type  II,  on  the  other  hand,  are 
grown  at  lower  rates,  with  higher  nitrogen  pressures  and  from  fully  nitrided 
targets.  These  conditions  yield  low  concentrations  (n<2  x  10”  cm-^)  and  are 
conducive  to  N[„  antisite  formation.  Accordingly  we  conclude  that  the  levels 
associated  with  nitrogen  occupancy  of  indium  sites  is  shallower,  at  about  leV,  than 
its  converse  at  about  l.SeV. 
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ABSTRACT 

Extensive  and  systematic  studies  on  reactive  magnetron  sputtering  of  InN  thin 
films  are  summarized.  The  films  have  been  deposited  onto  several  types  of  substrates, 
with  variations  in  such  process  parameters  as  deposition  temperature,  partial  pressures 
of  reactive  and  inert  gases,  sputtering  power  and  gas  flows.  These  films  have  been 
characterized  by  measuring  their  electrical,  optical,  structural  and  morphological 
properties.  It  has  been  shown  that  epitaxial  growth  of  InN  occurs  on  the  basal  plane 
of  single-crystal  (00.1)  sapphire  and  (001)  mica  substrates  and  on  the  (111)  face  of 
cubic  substrates  such  as  silicon  and  zirconia. 

Two  principal  problems  currently  limit  the  usefulness  of  thin  films  of  InN.  First, 
although  epitaxy  can  be  attained  with  the  proper  choice  of  substrate  type  and 
deposition  temperature,  the  resulting  film  is  an  agglomerate  of  epitaxial  grains  -  not  a 
single  crystal.  Second,  all  magnetron  sputtered  InN  films  prepared  to  date  have  low 
mobility  and  high  carrier  concentration  (likely  due  to  nitrogen  vacancies).  In  an  attempt 
to  address  these  problems,  experiments  on  the  growth  and  characterization  of 
sputtered  InN  films  have  been  carried  out  and  are  discussed  here  with  particular 
emphasis  on  seeded  heteroepitaxial  grovrth  and  the  effects  of  film  deposition 
temperature. 

For  example,  it  was  found  early  that  the  growth  of  InN  on  the  bare  surface  of 
several  crystalline  substrates  at  growth  temperatures  near  350°C  results  in  a 
morphological  transition  that  causes  a  degradation  of  semiconducting  properties.  The 
predeposition  of  an  AIN  seed  layer  inhibits  this  morphological  transition  and  stabilizes 
a  relatively  high  mobility  state,  but  a  still  too  high  carrier  concentration  obtains.  Further 
progress  critically  depends  on  optimizing  the  seeded  heteroepitaxial  growth  technique 
in  conjunction  with  the  achievement  of  InN  films  with  lower  density  of  nitrogen 
vacancies. 

INTRODUCTION 

The  Group  IIIA  nitrides  (AIN,  GaN  and  InN)  are  an  isostructural  family  of 
semiconductors  that  hold  great  promise  for  optoelectronic  applications  in  the  visible 
and  ultraviolet  regions  of  the  spectrum  owing  to  their  wide,  direct  bandgaps  (6  eV,  3.4 
eV  and  2  eV  respectively).  The  potential  for  high  efficiency  optoelectronic  devices 
based  on  these  semiconductors  can  be  realized  by  optimizing  the  growth  of  each 
family  member,  controlling  doping  type  and  forming  alloys  (e  g..  Ayn,.jjN)  to  be  used 
in  heterostructures.  The  growth  of  InN  is  particularly  important  for  visible  light  photonic 
applications  as  if  is  the  member  of  the  family  with  the  smallest  energy  gap.  By  alloying 
InN  into  either  AIN  or  GaN  the  bandgap  can  be  lowered  to  the  2-3  eV  range,  a  critical 
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range  for  making  high  efficiency  visible  light  sources  and  detectors. 

The  early  report  [1]  of  deposition  of  InN  by  reactive  sputtering  with  carrier 
concentration  of  7x10'®  cm'^  and  mobility  of  250  cm^/V  sec,  followed  later  by  the 
report  [2]  of  growth  of  polycrystalline  films  with  carrier  concentration  of  10’®-10' '  cm' 
^  and  mobility  of  »:4000  crr?/M  sec  by  reactive  rf-diode  sputtering  pointed  out  the 
efficacy  of  sputtering  for  the  deposition  of  this  semiconductor.  Although  the 
semiconducting  properties  of  these  films  were  very  promising,  the  extremely  long  pre¬ 
sputtering  and  sputtering  times,  the  polycrystalline  structure  of  the  films  and  the  glass 
substrates  employed  were  not  compatible  with  the  fabrication  of  modern  devices, 
including  those  based  on  heterostructures  and  quantum  wells.  One  of  the  long-range 
goals  of  the  research  reported  on  here  is  the  preparation  of  single  crystal  films  of  InN 
by  reactive  magnetron  sputtering  for  the  investigation  of  intrinsic  semiconducting 
properties  and  for  eventual  device  applications.  Unfortunately  InN  prepared  in  other 
laboratories,  [3-7]  including  ours  [8]  universally  has  high  carrier  concentration  =10^° 
cm'^  with  concomitant  low  mobility  <  100  cm^/V  sec. 

The  high  carrier  concentrations  exhibited  by  InN  films  are  believed  to  arise  from 
nitrogen  vacancies  created  during  the  grovvth  process  or  from  unintentional  oxygen 
doping  either  during  growth  or  following  exposure  to  atmosphere  It  is  also  quite 
conceivable  that  these  two  mechanisms  could  act  cooperatively  with  the  nitrogen 
vacancies  making  the  material  even  more  susceptible  to  oxidation.  Unfortunately, 
severe  experimental  constraints  arise  from  attempting  to  resolve  these  concerns 
Oxygen  must  be  rigorously  excluded  from  the  growth  chamber  and  exposure  of  the 
sample  to  air  prior  to  characterization  should  be  avoided  if  possible.  Also,  in  order  for 
stoichiometric  films  to  be  grown,  a  high  density  of  atomic  nitrogen  is  necessary  at  the 
reaction  site  and  high  growth  temperatures  should  be  avoided  (given  the  thermal 
instability  of  InN). 

The  difficulties  associated  with  the  growth  of  single  crystal  films  of  InN  arise 
from  this  low  temperature  deposition  constraint,  the  unavailability  of  bulk  singln  crystals 
of  the  semiconductor  (due  to  thermodynamic  considerations),  and  a  lack  of  substrates 
sufficiently  lattice  matched  to  allow  unstrained  heteroepitaxial  growth  In  this  context. 
Table  1  presents  the  variety  of  substrates  employed  m  our  studies  along  with  their 
calculated  lattice  mismatch  with  InN 


Table  1 


Substrate 

Crvstal  Face 

Lattice  Mismatch 

AljOj 

(00  1) 

28  8% 

Mica 

(001) 

17  9% 

ZrOo 

(111) 

3  0% 

Si 

(111) 

7.8% 

GaAs 

(111) 

115% 

The  approach  taken  here  to  optimize  the  growth  and  semiconducting  properties 
of  InN  thin  films  entails:  (1)  depositing  under  a  carefully  chosen  set  of  process 
conditions  (substrate,  temperature,  sputtering  power,  reactive  gas  mix,  etc  );  (2) 
measuring  and  interpreting  the  structural,  compositional,  morphological,  electrical  and 
optical  properties;  and,  (3)  feeding  this  information  back  by  altering  the  process 
parameters  based  on  the  interpreted  data  This  optimization  process  develops  most 
intelligently  when  taking  advantage  of  breakthroughs  such  as  that  recently  found  for 
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seeded-heteroepitaxial  growth  of  GaN  on  sapphire  [9], 

In  what  follows,  the  results  and  interpretations  engendered  through  this 
approach  to  the  growth  of  single-crystal  InN  films  are  recounted, 

EXPERIMENTAL 

The  magnetron  sputtering  system  used  to  deposit  these  films  has  been 
previously  described.  [8]  It  is  built  on  a  liquid  nitrogen  trapped,  diffusion  pumped 
vacuum  station  capable  of  pressures  on  the  order  of  5x10  ®  Torr  with  a  pumping  speed 
of  2000  I/s.  Within  the  limitations  of  high  vacuum  technology,  two  measures  are  taken 
to  lower  the  risk  of  oxygen  contamination  of  the  film  during  growth;  a  high  efficiency 
organic  resin  gas  purifier  is  in  the  inlet  gas  line  and  a  Meissner  trap,  that  surrounds  the 
growth  area,  is  maintained  at  liquid  nitrogen  temperature  while  sputtering.  Dual 
magnetron  sputtering  guns  are  mounted  below  a  rotatable  arm  carrying  a  variable 
temperature  substrate  fixture. 

One  gun  is  fitted  with  an  indium  metal  target  of  purity  greater  than  99.999%  tor 
the  deposition  of  InN.  The  second  gun  is  used  primarily  for  the  deposition  of  the 
nucteation  and  buffer  layers  employed  in  seeded  heteroepitaxy  studies  but  could  also 
be  used  for  preparing  multilayer  films.  A  wide  variety  of  substrates  are  employed 
including  single-crystals  of  sapphire,  silicon,  gallium  arsenide,  mica  and  zirconia  and 
amorphous  substrates  such  as  glass  and  fused  quartz.  Process  parameters  {such  as 
substrate  temperature,  sputtering  gas  pressure  and  sputtering  rate)  are  varied  to 
optimize  growth. 

Samples  are  characterized  by  the  measurement  of  their  structural, 
compositional,  morphological,  electrical  and  optical  properties.  Microstructure  and 
crystallographic  texture  are  determined  by  X-ray  scattering  methods  using  a  Read 
camera  (CrKa  radiation),  in  reflection,  and  a  Buerger  precession  camera  (MoKa 
radiation), in  transmission.  Most  compositional  analysis  has  been  performed  using 
scanning  Auger  electron  spectroscopy.  On  a  coarse  scale,  film  thickness  and  surface 
roughness  are  measured  with  a  stylus  profiler.  A  scanning  tunnelling  microscope 
(STM)  is  employed  to  determine  the  micro-topography  of  the  samples  which,  under 
favorable  conditions,  can  be  related  to  the  grain  structure.  In  addition,  textural, 
structural  coherence,  and  interlayer  diffusion  measurements  are  carried  out  by 
transmission  and  sc'  ming  electron  microscopy.  Electrical  resistivity  and  Hall  effect  are 
measured  over  a  wide  range  of  temperature  (1.4-320  K)  and  magnetic  field  (0-7T) 
Finally,  the  optical  properties  of  the  films  measured  over  a  large  wavelength  range  (0. 1 
fim  to  50  urn)  using  a  variety  of  double  beam  spectrometers. 

RESULTS  AND  DISCUSSION 

The  results  of  a  succession  of  experiments  on  the  growth  and  characterization 
of  sputtered  InN  films  are  discussed  here  with  particular  emphasis  on  seeded 
heteroepitaxial  growth  techniques. 

Initial  Experiments 

Initial  experiments  focused  on  targeting  a  set  of  process  parameters  that 
produced  characteristic  magnetron  sputtered  InN  on  amorphous  substrates  at  room 
temperature.  InN  films  were  deposited  onto  fused  quartz  substrates  with  variations  in 
process  parameters  such  as  sputtering  power,  total  gas  pressure,  reactive  gas  partial 
pressure.  The  optimal  process  conditions  that  resulted  from  this  procedure  are  given 
in  Table  2. 
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Table  2 


Sputtering  Power 

SOW  at  13,56  MHz 

Sputtering  Gas 

Pure  Nitrogen 

Sputtering  Pressure 

5x10'^  Torr 

Target 

Indium  Metal 

Presputter  Time 

30  Minutes 

Sputtering  Time 

60  Minutes 

These  general  experimental  conditions  were  used  in  the  following  sets  of  experiments 
with  changes  as  noted. 

Higher  Temperature  Growth  on  Fused  Quartz  and  (00.1)  Sapphire 

The  first  set  of  experiments  aimed  to  elucidate  the  effect  of  deposition 
temperature  on  the  properties  of  InN  thin  films.  A  series  of  InN  films  were  sputtered 
onto  quartz  and  sapphire  substrates  at  temperatures  from  50-600°C  [8],  In  addition, 
two  different  sets  of  (00.1)  oriented  sapphire  crystals  were  employed:  one  had  a 
somewhat  rough  surface  prepared  by  mechanical  polishing;  and  the  second  set  had 
a  much  smoother,  chemically  polished  surface.  For  all  films  the  carrier  concentration 
had  a  relatively  independent  value  of  a:i0^°  cm'^.  The  temperature  dependence  of  the 
carrier  mobility  for  samples  deposited  on  the  three  substrate  types  are  displayed  in 
Figure  1  Films  deposited  on  fused  quartz  have  generally  lower  mobility,  higher  carrier 
concentration  and  higher  resistivity  than  those  on  sapphire.  The  amorphous  nature  of 
the  substrate  leads  to  material  that  is  strongly  c-axis  textured  but  obviously  not 
epitaxial.  Presumably  this  lack  of  epitaxial  growth  is  responsible  for  the  poorer 
electrical  quality  of  these  samples. 


Sukitr.t.  r«(ilp«r.tur.  t«C)  Sub.tr.t,  T.mp.r.tur.  (°C) 


Figure  1  Electrical  mobility  of  InN  on  Figure  2  Film  thickness  of  InN 
quartz(X)  and  sapphire;  chemically  deposited  onto  quartz(X)  and  sapphire: 

polished(#),  mechanically  polished{0).  chemically  polished(»),  mechanically 

polished(O). 
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Films  on  sapphire  show  electrical  behavior  that  is  strongly  deposition 
temperature  dependent.  In  the  low  temperature  regime  the  mobility  steadily  rises,  the 
carrier  concentration  generally  decreases  and  the  resistivity  is  virtually  constant  as  the 
temperature  is  increased.  X-Ray  diffraction  indicates  that  materials  in  this  regime 
smoothly  change  from  a  mixture  of  epitaxial  and  textured  grains  to  complete  epitaxy 
[10].  The  film  thickness  (Figure  2)  in  this  temperature  regime  is  relatively  constant  and 
the  grain  size  determined  by  STM  and  SEM  is  slowly  increasing  with  increasing  growth 
temperature. 

This  behavior  is  interrupted  above  300°C  on  mechanically  polished  sapphire  and 
above  400°C  on  the  chemically  polished  sapphire  when  the  mobility  experiences  a 
sharp  downturn  (Figure  1)  concurrent  with  a  steep  increase  in  film  resistivity.  The 
mobility  falls  from  a  high  of  30  cm^/V-sec  on  mechanically  polished  sapphire  and  54 
cm^/V-sec  on  chemically  polished  sapphire  to  a  low  of  1  cmVV-sec  over  a  100  degree 
interval.  The  film  thickness  (Figure  2)  and  grain  size  each  show  a  relatively  sharp 
upturn  at  these  transition  temperatures. 

Extensive  studies  by  SEM,  STM  and  TEM  of  the  temperature  dependent 
microstructure  of  these  InN  films  have  been  conducted  and  results  are  schematically 
summarized  in  Figure  3.  Films  grown  at  low  temperature  are  relatively  smooth,  small 
grained  and  physically  continuous.  X-Ray  diffraction  studies  of  the  nanostructure  in 
this  range  indicate  that  the  films  are  a  mixture  of  c-axis  textured  and  epitaxial  grains. 
As  the  temperature  is  raised,  the  grains  grow  larger,  become  completely  epitaxially 
oriented  and  their  physical  properties  improve.  At  an  intermediate  temperature 
(determined  by  sample-substrate  interactions),  the  films  begin  to  roughen  and  start  to 
become  physically  disconnected.  In  large  measure,  the  electrical  transport  properties 
of  these  films  are  determined  by  the  degree  of  connectivity  between  grains.  As  the 
connectivity  decreases,  the  electronic  mobility  decreases  with  it.  At  high  deposition 
temperature,  the  grains  grow  quite  large  but  become  isolated.  The  electrical  transport 
across  such  a  film  is  extremely  limited  due  to  the  hopping  nature  of  the  conduction. 


0.5  Jim  ■  ■'  1.0  Mm  5.0  nm 


Low  Tempefature  Transition  Regime  Hi^  Temperature 
Growth  Gfovm 


Figure  3  Schematic  representation  of  the  growth  temperature  variation  of  film 
morphology  for  magnetron  sputtered  InN.  Primary  data  was  obtained  from  SEM,  STM 
and  TEM  measurements. 


Deposition  onto  the  (001)  Surface  of  Mica 

The  aforementioned  study  indicated  that  heteroepitaxial  strain  and  substrate 
surface  finish  played  a  role  in  determining  how  the  properties  of  InN  were  affected  by 
growth  temperature.  For  example  the  temperature  at  which  the  electrical  properties 
sharply  deteriorated  was  clearly  dependent  upon  the  surface  roughness  of  the 
substrate.  Following  on  this  recognition,  mica  was  identified  as  a  substrate  with  a 
smaller  lattice  mismatch  (see  Table  1)  and  with  a  nearly  atomically  smooth  surface. 

The  measured  properties  of  the  reactively  sputtered  InN  films  grown  on  the 
pseudo-hexagonal  (001)  face  of  mica  as  a  function  of  deposition  temperature  were 
compared  to  and  contrasted  with  the  properties  of  InN  films  deposited  onto  the  (00.1) 
face  of  sapphire  [12].  Despite  the  smaller  lattice  mismatch  and  smoother  surface  the 
physical  properties  of  these  films  were  quite  similar  to  those  prepared  on  sapphire. 
Similar  trends  were  seen  in  the  electrical  transport  and  morphology  with  a  transition 
temperature  to  a  low  mobility  state  of  300°C.  At  higher  deposition  temperatures  ( >  500 
°C),  however,  the  interconnection  between  grains  improves  and  the  high  mobility  state 
is  reestablished.  Unfortunately,  the  thermal  degradation  of  mica  above  550  °C  makes 
this  promising  result  somewhat  impractical. 

Deposition  onto  the  (111)  Face  of  Cubic  Crystals 

These  results  implied  that  the  main  cause  of  the  morphological  transition  in 
epitaxial  InN  is  due  to  lattice  strain.  As  evident  in  Table  1,  the  (ill)  face  of  several 
cubic  substrates  have  a  decidedly  lower  lattice  mismatch  with  InN  than  either  sapphire 
or  mica. 

The  structure,  morphology,  and  transport  properties  of  thin  films  of  InN 
deposited  onto  the  (111)  face  of  several  cubic  substrates  were  studied  as  a  function 
of  deposition  temperature  [13].  In  general,  the  film  structure  is  such  that  (00. 1),^^^ 
parallels  the  (111)  plane  of  the  cubic  substrate  and  the  in-plane  growth  coherence 
parallels  the  magnitude  of  the  lattice  mismatch  (Table  1),  in  that  films  on  GaAs  are 
textured  at  all  growth  temperatures,  while  pseudo  heteroepitaxial  grovrth  is  achieved 
at  elevated  deposition  temperatures  for  growth  onto  Si,  and  true  heteroepitaxy  is 
attained  above  300°C  for  deposition  onto  ZrOg.  Using  the  X-ray  precession  technique 
the  secondary  heteroepitaxial  relationships  between  InN  and  the  cubic  substrates  were 
found  to  be  (2i.O)|nN//(2aO)^^jbic  equivalently  (30.0)|nN//(422)^^(,i^. 

The  semiconducting  substrates  (Si  and  GaAs)  used  in  this  study  did  not  allow 
the  measurement  of  the  electrical  properties  of  the  InN  films  due  to  the  sizable  parallel 
conductance  of  the  substrate.  The  electrical  transport  properties  of  films  grown  on 
insulating  zirconia  were  measured  and  found  to  be  quite  similar  to  those  of  films 
deposited  on  sapphire.  The  carrier  concentration  was  still  w10^°  cm'^,  and  the  mobility 
had  the  same  strongly  peaked  behavior  as  depicted  in  Figure  1 .  The  film  thickness 
had  the  same  general  dependence  on  deposition  temperature  displayed  in  Figure  2 
and  morphological  investigations  identified  the  same  trend  displayed  in  Figure  3  with 
a  transition  temperature  of  350°C. 

Seeded-Heteroepitaxial  Growth 

Since  the  (111)  face  of  zirconia  has  the  smallest  calculated  degree  of  lattice 
mismatch  with  InN  of  any  commonly  available  substrate  (Table  1),  it  became  obvious 
that  other  means  of  achieving  single-crystal  growth  of  InN  would  need  to  be  explored. 
Recent  advances  have  been  made  in  the  techniques  of  achieving  heteroepitaxy  - 
driven  in  many  cases  by  the  desire  to  deposit  single  crystal  diamond  onto  substrates 
other  than  natural  diamond  [14].  These  techniques  are  generally  referred  to  as  seeded 
heteroepitaxy  and  a  particularly  germane  result  for  the  deposition  of  InN  was  the  effect 
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of  a  thin  nucleation  layer  of  AIN  on  the  MOCVD  growth  of  GaN  [9],  There  it  was  found 
that  the  use  of  a  thin  (a50  nm)  AIN  nucleation  layer  yielded  GaN  single  crystal  films 
with  optically  flat,  crack  free  surfaces.  The  AIN  seed  layer  serves  to  provide  a  supply 
of  nucleation  sites  with  the  same  heteroepitaxial  relationship  and  to  promote  lateral 
growth  by  decreasing  the  interfacial  free  energy  between  the  substrate  and  growing 
GaN  layer.  The  resulting  film  is  a  "mosaic"  single  crystal  with  a  carrier  concentration 
decreased  by  two  orders  of  magnitude  and  a  room  temperature  mobility  increased  by 
one  order  of  magnitude.  Given  the  similarities  in  the  crystal  physics  of  InN  and  GaN 
the  effects  of  thin  layers  of  AIN  on  the  magnetron  sputtering  growth  of  InN  were 
investigated.  Two  studies  were  conducted  to  assay  the  effects  of  a  thin  nucleation 
layer  of  AIN  on  the  magnetron  sputtering  growth  of  InN. 

Deposition  onto  a  High  Temperature  Nucleation  Layer 

A  nucleation  layer  was  deposited  on  the  (00. 1 )  face  of  sapphire  by  dc  sputtering 
for  30  min.  at  900  °C  using  a  50/50  mixture  of  nitrogen  and  argon  [15].  The  resulting 
AIN  layer  thickness  was  a50  nm.  A  sequence  of  InN  films  at  various  growth 
temperatures  (50-600  °C)  were  deposited  onto  such  a  seed  layer  using  magnetron 
sputtering  in  a  pure  nitrogen  atmosphere.  Full  physical  characterization  of  the  resulting 
films  was  carried  out. 

Microscopic  studies  show  that  at  low  growth  temperatures  the  agglomerate 
morphology  (average  grain  size  of  «8.5  nm)  of  the  seeded  films  is  essentially 
equivalent  to  that  found  for  films  deposited  onto  bare  sapphire.  As  the  substrate 
temperature  is  raised,  the  grain  size  for  the  seeded  films  is  nearly  temperature 
independent  while  that  of  the  single  layer  film  is  gradually  rising.  At  intermediate 
temperatures  the  grain  size  of  both  types  of  films  begins  to  increase  but  the  increase 
is  much  more  rapid  for  the  film  on  bare  sapphire.  At  still  higher  temperatures,  the 
seeded  films  remain  granular,  with  the  details  of  grain  size  and  connectivity  varying 
only  marginally  with  deposition  temperature.  This  is  in  sharp  contrast  to  the 
morphology  of  unseeded  films,  where  a  large  grain  structure  with  significant  void  area 
between  the  grains  is  evident. 

Since  the  morphology  largely  determines  the  physical  properties  of  these  films, 
this  contrast  has  profound  effects  on  the  physical  properties  of  the  materials.  For 
example.  X-ray  scattering  from  these  films  using  the  precession  method  [16]  are 
reiterated  here.  Films  deposited  onto  the  AIN  buffer  layer  consist  nearly  exclusively  of 
epitaxial  grains  of  InN  at  all  temperatures  investigated.  In  contrast,  InN  films  deposited 
directly  onto  the  (00. 1 )  surface  of  sapphire  were  comprised  mainly  of  textured  grains 
below  200  '’C  and  became  fully  epitaxial  above  this  temperature.  From  variations  in 
the  angular  dispersion  of  the  {1T?0}  X-ray  reflection  for  the  two  type  of  films,  the 
following  deductions  were  made:  (1)  For  unseeded  films  at  T<200°C,  there  is  a  weak 
azimuthal  correlation  between  the  InN  grains  and  the  sapphire  substrate;  (2)  This 
azimuthal  correlation  strengthens  considerably  with  the  disappearance  of  textured 
grains  and  remains  strong  until  the  onset  of  the  morphological  transition;  and  finally, 
(3)  The  azimuthal  correlation  restrengthens  at  the  highest  deposition  temperatures  as 
the  transition  progresses  and  the  large  grains  come  to  dominate  the  morphology.  By 
contrast,  the  films  deposited  with  an  AIN  seed  layer  are  fairly  strongly  correlated  even 
at  low  temperatures  -in  accord  with  the  observation  of  solely  epitaxial  films.  This 
correlation  strengthens  and  remains  strong  for  all  such  films  -  a  fact  consistent  with 
the  relatively  unchanging  morphology  of  these  films. 

In  a  similar  vein,  the  electrical  transport  properties  are  affected  tiy  these 
variations  in  morphology  (Figure  3).  While  the  carrier  concentration  (>10^  cm'^) 
remains  high  for  both  types  of  films,  the  dependence  of  carrier  concentration,  electrical 
resistivity  and  mobility  on  deposition  temperature  differ  significantly  for  the  two  types 
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of  films.  Firstly,  the  carrier  concentration  remains  relatively  constant  at  low  substrate 
temperatures  (<300  °C)  and  generally  decreases  monotonically  above  this 
temperature.  Secondly,  in  the  range  below  200  °C,  the  carrier  mobility  for  the  epitaxial 
seeded  films  is  consistently  higher  than  found  for  the  unseeded  films  which  are  a 
mixture  of  epitaxial  and  textured  grains.  Thirdly,  the  general  variation  in  mobility  with 
deposition  temperature  is  the  same  for  both  types  of  films  in  the  transition  temperature 
regime,  300  °C  <  T  <  450  °C.  In  particular,  the  mobility  slowly  rises  as  the  substrate 
temperature  increases  up  to  the  point  where  the  grains  lose  connectivity  resulting  in 
a  precipitous  jump  in  resistivity  and  a  concomitant  sharp  drop  in  mobility. 

In  addition,  it  has  been  shown  that  the  evolution  of  the  physical  properties  of 
these  seeded  films  with  increased  substrate  temperature  is  dominated  by  subtle 
changes  in  the  granularity  of  the  film.  This  is  in  stark  contrast  to  unseeded  films  where 
the  physical  properties  are  dominated,  at  high  temperature,  by  the  formation  of  a  large 
grained  morphology  with  significant  intergranular  voids.  Therefore,  the  use  of  a 
nucleation  layer  has  stabilized  the  film  morphology  and  muted  the  rapid  degradation 
of  film  properties  above  *400  °C  seen  here  and  elsewhere  for  growth  on  unseeded 
substrates.  This  quite  promising  result  followed  from  an  arbitrary  choice  of  growth 
conditions  for  the  AIN  nucleation  layer.  A  systematic  search  for  optimized  seed  layer 
'  growth  condition  are  discussed  next. 

Nucleation  and  Overlaver  Growth  Temperature  Effects 

In  this  study,  an  investigation  of  the  dependence  of  film  properties  on  the  growth 
temperatures  and  growth  times  of  the  nucleation  layer  and  the  InN  overlayer  (both 
sputtered  in  pure  nitrogen)  was  carried  out.  The  nucleation  layer  was  deposited  on  the 
(00.1)  face  of  sapphire  by  dc  sputtering  for  7.5-30  min.  at  temperatures  between  100 
°C  and  1000  °C.  The  resulting  AIN  layer  thickness  was  between  20  and  80  nm.  A 
sequence  of  InN  films  at  growth  temperatures  from  100  °C  to  500  °C  and  deposition 
times  between  14  sec.  and  6  hours  were  deposited  onto  the  nucleated  sapphire 
substrate  using  magnetron  sputtering. 

A  discussion  of  the  results  of  a  fixed  deposition  temperature  with  variable  time, 
giving  clear  evidence  of  a  crossover  from  a  two  dimensional  to  a  three  dimensional 
growth  mechanism,  appears  separately.  [17]  The  discussion  presented  in  this  paper 
will  focus  on  the  effects  of  growth  temperatures  tor  fixed  times  tor  the  nucleation  and 
overlayers  (15  min.  and  60  min.  respectively). 

The  carrier  concentrations  for  these  samples  remain  in  the  10^°  cm'^  range.  A 
plot  of  the  mobility  of  the  InN  films  as  a  dual  function  of  buffer  layer  and  film  growth 
temperature  is  shown  in  Figure  4.  At  low  buffer  layer  temperatures  (<300  °C),  all  film 
growth  temperatures  result  in  low  mobility.  In  parallel,  at  low  film  growth  temperatures, 
all  buffer  layer  temperatures  also  result  in  low  mobility  films.  It  is  also  evident  in  the 
plot  that  for  buffer  layer  growth  temperatures  >300  °C  and  for  film  growth  temperatures 
>400  °C  a  plateau  in  mobility  is  achieved.  This  plateau  extends  to  at  least  500  °C  in 
film  growth  temperature  and  1000  °C  in  buffer  layer  growth  temperature.  This  is  in 
contrast  to  films  deposited  onto  the  bare  surface  of  any  substrate  and  also  in  contrast 
to  films  deposited  onto  a  seeded  (00.1)  sapphire  substrate  where  the  AIN  layer  was 
sputtered  in  a  mixed  argon/nitrogen  atmosphere.  Although  the  morphology  of  these 
seeded  films  is  yet  to  be  completely  elucidated,  evidence  for  a  crossover  from  a  three- 
dimensional  growth  mode  to  a  two-dimensional  growth  mechanism  has  been 
presented  [17].  Most  importantly  for  future  device  applications,  the  AIN  seed  layer 
grown  in  pure  nitrogen  has  stabilized  the  InN  overlayer  to  the  transition  that  resulted 
in  the  loss  of  intergrain  connectivity  and  the  dramatic  drop  in  electrical  mobility  for  the 
unseeded  films. 
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Figure  4  Electrical  mobility  of  InN  films  deposited  onto  a  seeded  (00,1)  sapphire 
substrate  as  a  dual  function  of  seed  layer  growth  temperature  and  film  growth 
temperature. 

Future  Directions 

Although  the  seeded  heteroepitaxial  growth  technique  has  yet  to  yield  extremely 
high  mobility  InN  films,  the  effect  is  clearly  positive.  The  properties  of  the  InN  films  are 
quite  sensitive  to  the  conditions  of  nucleation  layer  growth.  Further  optimization  of  the 
process  may  indeed  lead  to  films  with  vastly  superior  properties,  including  a  significant 
reduction  in  carrier  concentration  (as  was  found  for  the  seeded  MOCVD  growth  of  GaN 
[9]).  In  fact,  ongoing  investigations  are  focusing  on  reducing  the  high  concentration 
of  n-type  carriers  in  thin  films  of  InN, 

As  discussed  above,  the  properties  of  InN  are  degraded  by  the  presence  of 
oxygen  containing  species  during  growth  and  the  film  properties  may  be  further 
degraded  by  exposure  to  air.  In  order  to  address  these  concerns,  an  ultrahigh  vacuum 
sputtering  system,  working  at  base  pressures  of  5X10  ’'  Torr  has  been  constructed. 
This  dual  magnetron  setup  is  quite  similar  to  the  high  vacuum  sputtering  system 
employed  above  with  three  distinct  advantages:  (1)  The  low  base  pressure  and 
bakeability  of  the  system  results  in  orders  of  magnitude  reduction  in  background 
oxygen  containing  species;  (2)  The  chamber  has  an  integral  load-lock  assembly  that 


allows  exchange  of  samples  and  substrates  without  breaking  vacuum;  and,  (3)  An 
analysis  chamber  is  available  for  the  in  situ  measurement  of  temperature  dependent 
electrical  resistivity.  Hall  effect  and  optical  absorption. 

Initial  experiments  in  this  deposition  system  have  been  carried  out  by  reactively 
sputtering  InN  under  typical  process  conditions.  The  electrical  transport  properties  of 
these  films  have  been  measured  both  in  situ  and  ex  situ  and  the  measurements  reveal 
InN  thin  films  that  have  the  same  carrier  concentration  {a10^°  cm'^)  and  mobility  (<60 
cm^/V  sec  as  films  deposited  in  the  high  vacuum  system  and  measured  in  air  [18]. 
Although  these  experiments  do  not  completely  rule  out  the  possibility  of  high  carrier 
concentration  due  to  oxygen  contamination,  the  probabilities  of  nitrogen  vacancies  as 
the  likely  unintentional  doping  mechanism  are  considerably  enhanced. 

As  a  means  of  following  up  on  this  deduction,  additional  sources  of  activated 
nitrogen  species  are  being  introduced  into  the  current  sputtering  systems  hopeiully 
leading  to  a  drop  in  carrier  concentration.  Finally,  alternate  growth  techniques  with 
intrinsically  higher  atomic  nitrogen  concentrations  at  the  reaction  site  are  being 
investigated  and  implemented.  In  every  case,  seeded  heteroepitaxial  growth  is 
considered  crucial  to  the  achievement  of  single-crystal  InN  thin  films  of  device  quality. 
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ABSTRACT 

The  low  temperature  deposition  (400-650° C)  of  AlxGa,.xN  films  by  metalorganic 
chemical  vapor  deposition  (MOCVD)  was  characterized.  Triethylgallium  (TEG), 
trimethylaluminum  (TMA),  and  ammonia  (NH3)  served  as  the  precursors  and  both 
sapphire  and  silicon  as  the  substrates  with  helium  as  the  carrier  gas.  The  deposition  was 
operated  at  the  atmospheric  pressure.  The  crystallinity  was  improved  even  at  low 
temperatures  when  AlxGa,  _xN  was  grown  on  a  thin  buffer  layer  of  AIN  at  400°  C.  With 
an  AlxGa,  .yN/AIN  layered  structure,  epitaxial  growth  of  AlxGa,.xN  v,us  obtained  at 
650°  C  on  .sapphire  substrates.  Auger  results  showed  that  the  A1  fraction  x  was  less  than 
0.1.  X-ray  diffraction  indicated  a  strong  peak  at  2e  =34.0  degrees  for  the  (0002)  planes 
from  the  film  on  sapphire  substrates.  The  electron  channelling  pattern  (ECP)  of  the  film 
produced  at  650°  C  revealed  a  6  fold  symmetry  contrast  pattern  indicating  the  epitaxial 
growth  of  the  film.  Photoluminescence  (PL)  showed  a  dominant  emission  at  353  nm  for 
the  film  on  sapphire  substrate.  Surface  morphology  examined  by  SEM  was  featureless  for 
the  film  produced  at  500° C,  while  a  relatively  rough  surface  can  be  seen  on  the  film 
produced  at  650°  C  (5,000x).  The  band  gap  was  measured  as  3.56  eV.  The  .'\l  mole 
fraction  x  in  the  alloy  was  observed  to  be  lower  than  that  in  the  gas  pha.se. 


INTRODUCTION 

The  semiconductor  alloy  AlxGa,,xN  has  a  band  gap  which  can  be  controlled  from 
3.4  eV  to  6.2  eV  and  it  has  potential  applications  in  ultraviolet  light  emitting  iliodes. 
detectors,  lasers  or  high  temperature  electronic  devices.  MOCVD  is  one  of  the  most 
widely  employed  method  for  producing  AlxGa,  .xN  films.  The  dependence  of  the  energy 
band  gap  of  the  alloy  on  the  Al  mole  fraction  x  has  been  studied'  anti  with  precise  control 
of  X.  it  is  possible  to  also  control  the  band  gap  width.  To  grow  an  epitaxial  hiyer  of 
AlxGa,  _xN  on  sapphire  substrates,  depositions  were  typictilly  performed  in  the 
temperature  range  between  90()°-l  ISO'C^-’.  Akasaki  cr  o/"  has  shown  that  by  first 
depositing  an  AIN  buffer  layer  at  6(KI°  C,  the  quality  of  AlxGa,  .xN  is  greativ  imprmed. 
but  even  in  this  work,  (he  deposition  temperature  u.sed  was  in  the  range  of  9110°  to 
1020°  C.  Based  on  the  results  of  our  previous  work  on  the  low  temperature  deposition  of 
GaN^ ,  this  study  was  initiated  to  deposit  epitaxial  AlxGa,  _xN  at  lower  temperatures. 


EXPERIMENTAL 

A  horizontal  atmospheric-pressure  reactor  was  employed  to  deposit  .AlxGa |.xN 
alloy  films.  The  su.sceptor  .surface  was  tilted  about  10°  with  respect  to  the  incoming  gas 
direction.  The  deposition  temperatures  ranged  from  4(M)°C  to  650°  C.  The  susceptor 
temperature  was  measured  by  a  thermocouple.  The  substrates  were  AbO^  (0(101),  Si 
(10(1)  and  Si  (111).  The  gallium  and  aluminum  source  ga.ses  were  iriethylgaliium  (TEG) 
and  trimethylaluminum  (TMA).  Ammonia  served  as  the  nitrogen  source  and  helium  as 
the  carrier  gas.  The  total  gas  flow  rate  was  about  IKMl  seem  with  13  umol/min  TEG.  5 
umol/min  TMA  and  20,(M)0  umol/min  NH3.  A  mechanical  vacuum  pump  was  employed 
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for  evacuating  the  reactor  prior  to  purging  the  system  with  helium  after  loading  the  sample 
before  each  deposition.  The  substrates  were  cleaned  by  dipping  in  hydronuoric  acid, 
rinsing  in  deionized  water,  and  then  blowing  dry  with  filtered  nitrogen.  The  thickness  of 
the  films  was  determined  by  measuring  the  ma.ss  increase  of  the  samples  after  deposition 
with  a  microgram  balance.  Scanning  electron  microscopy  (SEM)  was  used  to  examine  the 
surface  morphology  and  to  make  electron  channelling  patterns  (ECP).  I'he  film 
composition  was  analyzed  by  Auger  electron  spectroscopy  (AES).  X-ray  diffraction  was 
used  to  analyze  the  crystal  structure  of  the  films. 


RESULT  AND  DISCUSSION 


An  epitaxial  film  of  Al^Caj.^N  was  obtained  on  the  sapphire  substrate  at  650° C 
after  first  depositing  about  1000  A  of  AIN  at  4(K)°C.  The  thickness  of  the  film  was  about 
0.3-0.4  pm  after  a  half  hour  deposition. 

The  composition  of  the  epitaxial  layer  with  .sapphire  as  the  substrate  was  analyzed  by 
Auger  electron  spectro.scopy  (AES).  The  AES  spectrum  is  shown  in  the  Fig.  1. 


KINETIC  ENERGY,  EV 

Fig.  1  Auger  electron  spectrum  of  Alj(Ga,  ..^N 
deposited  at  650°  C  on  sapphire. 


The  resulting  spectrum  shows  three  main  element  peaks,  corresponding  to  Al,  Ga  and  N. 
The  calculated  average  concentrations  for  three  main  elements  Ga.  Al  and  N  are  0.5iS. 
0.06,  and  0.33  respectively  for  the  sample.  The  Al  mole  fraction  x  in  the  alloy  is  in  the 
vicinity  of  0.1.  Notice  that  the  ratio  of  nitrogen  to  group  III  elements  is  lower  than 
stoichiometric  material.  One  possible  explanation  for  this  is  that  the  ion  sputtering  of  the 
film  surface,  which  is  a  technique  to  clear  the  surface  contaminations  when  performing 
AES,  might  preferentially  remove  more  nitrogen  than  gallium  or  aluminum  from  the 
analyzed  surface.  Besides  the  three  main  element  peaks,  there  is  a  small  oxygen  (0.03) 
peak  possibly  originating  from  an  incomplete  purging  or  an  adsorbed  gas  layer  on  the  film 
surface.  The  composition  was  normally  found  to  be  a  function  of  the  sample  positions  on 
the  susceptor.  Higher  aluminum  concentrations  were  ob.served  for  samples  set  on  the 
leading  edge.  The  difference  of  the  Al  fraction  x  between  the  gas  phase  (0.28)  and  the 
solid  phase  (0.1)  may  indicate  different  rates  of  dissociation  of  the  reactants  on  the  surface 
at  low  temperatures. 

X-ray  diffraction  was  used  for  crystal  structure  analysis.  The  diffraction  patterns 
from  films  produced  at  two  different  temperatures  are  .shown  in  the  Fig.  2.  Fig.  2a  is  for 
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Fig.  2  X-ray  diffraction  pallern.s  rtf  AlyGa, 
deposited  at  (a)  650°  C  and  (b)  500°  C. 

the  epitaxial  film  produced  at  650°  C  and  Fig.  2b  for  film  produced  at  500°  C.  I'he  (0002) 
Alj.Ga,  .^N  diffraction  peak  was  detected  at  a  diffraction  angle  26  in  the  vicinity  of  .54.0° 
on  both  spectra.  The  (0002)  peak  intensity  for  epitaxial  film  in  Fig.  2a  is  stronger  and 
shaper  than  the  highly  oriented  crystal  film  in  the  Fig.  2b.  This  peak  position  is  chtse  to 
the  peak  position  of  GaN  (34.6° ),  but  was  between  of  the  peak  positions  of  (0002)  Ga.X 
and  (0()()2)  AIN.  The  peak  intensity  from  the  film  is  stronger  than  that  from  the  substrate 
for  an  epitaxial  layer.  Compared  to  Koide  et  <//s’  results  for  an  .Al  fraction  of  0.1.  the 
change  in  the  lattice  constant  is  similar  with  the  fraction  x  in  the  vicinity  of  0.1.  Under  the 
same  experimental  conditions  as  was  used  for  the  film  on  the  sapphire  substrate. 
Alj^Ga,  .j(N  alloy  films  were  also  deposited  on  both  types  of  silicon  substrates.  However, 
the  X-ray  diffraction  patterns  of  those  films  were  identified  as  polycrysttilline. 

To  further  examine  whether  the  deposited  film  was  an  epitaxial  layer,  an  electron 


Fig.  3  Electron  Channelling  pattern  of 
AI^GUj  .^N  on  sapphire 
deposited  at  650°  C. 


Fig.  4  Photolumine.scence  spectrum 
for  AI^Ga,  .^N  on  sapphire 
deposited  at  650°  C. 


channelling  pattern  was  made.  If  the  film  is  .single  ery.stal,  when  examined  under  the  SHM 
at  very  low  magnifications,  an  electron  channelling  contrast  pattern  will  he  observed. 
Otherwise,  for  a  polycrystalline  film,  only  regular  SEM  will  be  seen.  The  corresponding 
photograph  was  shown  in  the  Fig.  3.  It  showed  a  six  fold  symmetry  contrast,  which  is 
agreement  with  the  X-ray  diffraction  peak  from  ((KI(I2)  crystal  planes.  For  the  film 
deposited  at  500°  C,  no  channelling  contrast  was  observed. 

Photoluminescence  (PL)  spectrum  vas  taken  for  the  epitaxial  layer  as  shown  in  Fig. 
4.  The  dominant  emi.ssion  was  observed  at  .350  nm  at  a  temperature  of  15  K.  This  is  the  so 
called  Ij  line  of  AljjGa^  .^N,  the  donor-bound  exciton  line  as  previously  identified  by 
Khan  er  a/.®  The  line  width  of  the  peak  at  half  height  was  about  1.35  meV. 

Optical  transmission  measurements  were  made  at  room  temperature  on  the  epitaxial 
layer.  The  result  is  given  in  Fig.  5.  A  rough  estimation  of  the  band  gap  for  the  film  is  about 
3.56  eV.  This  is  similar  to  Koide  ei  u/’s'  result  for  a  film  with  an  aluminum  fraction  x  in 
vicinity  of  0.1.  It  also  seems,  in  some  degree,  in  agreement  with  the  photoluminescence 
result. 


Fig.  5  Optical  measurement  for  Alj^Ga, 
deposited  on  .sapphire  at  650°  C. 


Fig.  6  SEM  images  of  Al^Ga,  films 

deposited  at  (a)  (>5(1°  C  and  (b)  500°  ('. 
(50(M)x) 
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riio  siirf;icc  morphology  \v;\s  exaniincil  bv  scanning  electron  microscope  (SIAti. 
lire  surt'ticc  w;is  smooth  for  films  proilucetl  at  lower  tcntpcrtitiircs.  fig.  (i.  goes  the 
photographs  of  the  epitaxial  layer  anil  the  film  produce  at  5(1(1°  (  '.  Smtill  Inmips  can  be 
seen  for  the  film  produced  at  (>5()°('  under  5.(H)()x. 

As  originallv  applied  to  the  depositiim  of  (>aN,  we  trieil  to  deposit  ;ii 

low  letnperature  in  order  to  promote  the  heterogeneous  rctictiotis.  Iloucxer.  Imi 
tetnperatures  reduce  the  surfaee  mobility  of  the  g;is  molecules  tidsorbcd  on  the  sulwiraie 
surface.  Ifecause  the  surface  deeomposed  fragments  of  mettilorgtinic  molecules  mti\  pUo 
a  itnporttint  role  in  the  lower  temperature  growth  of  the  crysttil.  '  this  process  ni;iy  he 
achieted  by  a  mechanism  of  sile-selectixe  ineorporatioti  of  compotients  into  the  proper 
configuration.  With  source  gases  introduced  separately  with  ;i  high  gtis  lelocity.  the 
growth  rate  may  be  redttced  because  of  incomplete  gas  mixing  at  the  surface.  Instead  of  a 
higher  gas  flow  rate  which  is  normally  used  in  MOCVI),  in  this  wnrk,  a  slow  gas  flow  r;ite 
Wits  employed.  The  slow  gas  velocity  provides  time  lor  molecules  to  liilfusioti  anil  for  the 
eases  to  mix,  and  surfaee  i.dsorption  of  the  reactants  may  be  promoted  in  such  ctisc.  fhe 
tictual  .M^Ga ,  growth  rate  for  this  kind  of  deposition  was  between  (1.5  -  1..'  urn  hr. 

The  ileposited  films  normallv  lurncil  out  to  be  nmdoni  oriented  polycrysiaK  without 
;t  .AIN  buffer  htyer.  With  this  buffer  laver  on  etthcr  silicon  substrate,  highly  oiicntcd 
polycryst;il  films  were  |iroduccd. 


GONGI.fSION.S 

(■|iit:ixial  AI^^Ga|  .^N  films  can  be  produeeil  ;it  a  tem['er;iiurc  of  (''l»°  f '  by  \K )(  \'l) 
on  stipphire  substrates.  The  growth  of  this  alloy  is  mtiinly  tittributcd  to  the  promotiott  of 
site  selective  heterogeneous  reticliotis.  No  epittixy  was  ohtaitted  on  either  type  of  St 
suhstrtite.  The  difference  of  the  .Al  frticlion  x  betwecti  the  g:is  phase  and  the  solid  phtisc 
mtiy  indiettte  differettt  rtites  of  decom|>osiiion  of  the  rettettints  on  the  surface  at  such 
tettiperiitures.  '{'he  growth  rate  seems  modcraie  even  a’  'ou  ie"»pcralures  am!  lo'v  gas 
flow  rates.  The  band  g;t|>  chtmge  i'  proportiontil  to  (he  coticentratiott  ol  alutiiinum  itt  tite 
iilloy. 


/\C'KN(  )Wi,E[x;  r;  m  r.  srs 
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A  COMPARATIVK  STUDY  OF  CaN  FILMS  GROWN  ON 
DIFFERENT  FACES  OF  SAPPHIRE  BY  ECR-ASSISTED  MBE 

T.  D.  MOUSTAKAS.  R.  J.  MOLNAR.  T.  LEL  G.  MEXOX  AXD  C.  R.  EDDY  .IR. 
MoK'rulai  Brain  Epitaxy  Laboratory,  D<‘pJiit!ii<’iit  of  Elrctrical  Enj^iiu’criuK;.  Bosttni  Uni 
vrrsity.  Boston.  MA  02215. 

ABSTRACT 

CaX  tiluis  woro  grown  on  c-j)lanr  (0001 ),  a-plaiir  (1120)  aiul  r- j>lan<*  (1102)  sapphirr 
Milj^tratc's  by  thr  ECR-«issiste<l  MBE  inrtluHl.  Tlir  films  wrn*  grown  nsing  a  rwo-srcj) 
growth  ]n()('rss,  in  which  a  GaX  buffer  is  grown  first  at  relatively  low  teii‘p<'rarures  and  th«‘ 
n  >t  of  t lu’ film  is  grown  at  higher  teinperatur<‘s.  RHEED  studies  indicate  that  this  growth 
nu't  hod  proinoti's  lateral  growth  and  leads  to  films  with  smooth  surface  morphology  The 
epitaxial  relationship  fo  the  stihstrate.  the  en'stalliiie  rpiality  an<l  the  surface  mor])h‘*logy 
were  investigated  hy  RHEED,  X-ray  diffraction  ainl  SEM  studies. 

IXTRGDUCTIOX 

Recently  Electron-Cyclotron-Resonance  Microwave  Phusma-a.ssisted  Moli^cular  Beam 
Epitaxy  (ECR-MBE)  has  emerged  as  one  of  the  most  versatile  metlutds  for  the  growtli 
of  GaX  and  other  nitnd<*.s[l-o).  In  this  method,  films  are  grown  at  relatively  low 

t('mperaturos  under  ultrahigh  vacuiuu  conditions.  This  allows  for  ci'.ntn^l  of  the  film  stoi- 
chioinetryjGj  and  n'duction  of  ituwautod  impurities[7].  Moreover,  onr  grouj)  demonstiarc<l 
that  significant  improvement  in  film  quality  can  be  attjuned  if  film  growth  takes  ]dace  in 
two  steps[2,3,5].  In  this  process,  a  GaX  buffer  is  grown  first  at  rc’latively  low  temperatures 
and  the  r('st  of  the  film  is  grown  at  liigluT  t(‘mperat\ir<‘s.  Using  this  method,  we  have 
d<'moiistrated  the  epitaxial  stabilization  of  single  crystalline  GaX  films  in  th('  ziin'blmdc 
structure  on  (001)  silicon  substrat<*s(2,3l. 

Ill  this  j)np<'r,  we  report  on  a  comparative  stu<ly  <>f  GaX  films  grown  on  c-plaiie. 
a-plaiie  and  r-i>laiio  sapphire  substrat<‘s  by  the  ECR-MBE  nietliod.  using  t'  two->r<'p 
growtli  process. 

EXPERIMEXTAL  METHODS 

The  ECR-MBE  metho<l  was  used  for  the  growth  of  GaX  films  on  c-plane.  a-plane 
and  r-plaiK'  sapphire  substrates.  The  <l<*tailsof  the  dej)ositiou  m<'t  hod  have  hc'en  puhlislied 
elsewhere[2,3]. 

The  substrates  were  sul)j<'cte<l  to  the  f()llowing  chaining  steps,  prior  to  th<'  growth  "f 
th<'  GaX  films.  They  were  se<pien(ially  cleaned  in  ultrasonic  hatlis  of  triclilortx  tliylt  jic. 
acetone  and  isopropanol  for  removal  of  hydrocarbon  residu<‘s  from  the  surface,  etciied  in 
H.\PO.\  1  H^SOi  (1:3)  for  th<*  removal  of  surface  contaminants  and  ineclnmical  damaire 
due  to  ])olishing  and  finally  rin.se<l  in  de-ionized  water.  After  these  steps  the  substrates 
were  blown  dry  with  nitrogi'ii,  mounted  or.  a  molybdeiiuin  block  and  traiisfi  rred  to  the 
introduction  rhamlK’r  of  the  MBE  system.  In  the  preparation  chaiiiher.  the  suhstrat(‘> 
w<Te  heated  to  850'’C  for  np}>roxMUat<’ly  half  an  hour  aiul  then  transfiTieit  to  the  growth 
ehamlxT,  where  they  were  subjected  to  bonihanliiient  hy  a  nitrogen  plasma  fnr  approxi 
mat(’ly  half  an  hour  at  TOO^C. 

The  GaX  films  were  grown  in  two  steps  at  diff<Tent  temperatures.  First,  a  thin  Ga.X 
buffer  (al)out  SOOA)  was  grown  at  dlHUC  -*  500'*C'  and  thru  Hu’  rest  of  the  film  was 
grown  at  GOO  —  SOO'^C.  The  film  growth  rate  wa.s  2000  —  3000.1;7f  and  the  overall  film 
thickiu’ss  was  I  -  2//m. 
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Thr  substrate*  aiul  film  structures  at  x'arioiis  stages  of  substrate  pre'par:  Mon  anei  film 
growth  were  assessed  by  Reflcrtion  High  Energy  Electron  Diffraction  (RtiEED).  The 
<‘])itaxial  relationship  to  the  substrate  aiid  tlie  crystalline  quality  of  the  films  wen*  deter¬ 
mined  from  RHEED,  0  —  20  XRD  and  rocking  curve  stu<lies  around  the  main  diffraction 
jieak.  The  surface  morphology  was  sttulicd  by  SEM. 

EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 

Tig.  1  shows  RHEED  patterns  of  the  three  types  of  substrates  after  the  exposure  to 
the  nitrogen  plasma.  The  data  indicate  that  the  surface  of  the  substrates  were  nitrideri 
and  from  the  diffraction  patterns,  the  lattice  constant  of  the  AIN  was  estimated  to  he 
a  =  3.1.4.  Furtliermore,  the  streakincss  of  the  diffraction  patterns,  in  j>articular  those  of 
the  c-plane  and  a-plane  sapphire  substrates,  suggests  that  the  AIN  layers  are  atomically 
smooth(S]. 


('0  (•>)  (c) 

Fig.  1  RHEED  patterns  of  the.  sapphire  substrate.^  after  exposure  to  the  nitrogen 
plasma:  (a)  c-plane,  (h)  a-plane,  (c)  r-plane. 

Fig.  2  .shows  RHEED  patterns  of  tlie  GaN  buffer  on  the  three  ty])es  of  substrates. 
The  data  indicate  that  the  GaN-buffer  is  single  crystalline  on  all  three  types  of  suV>st  rat«“s. 
The  GaN  films  grown  on  the  r-])lane  and  a^plane  sapi>hire  substrate's  have  their  c-plaiu' 
(0001)  parallel  to  the  substrates,  while  the  GaN  films  grown  on  the  r-plane  of  saj^phin* 
have  their  a-phuie  (1120)  parallel  to  the  substrate.  The  streakincss  of  the  diffraction 
patterns  of  the  GaN  buffers  on  the  c-plane  and  a-j)lane  sapphire  substrates  suggests  that 
the  GaN*lmff<T  on  tliesc  substrates  are  atomically  smooth. 


fn)  (*>)  (e) 

Fig.  2.  RHEED  patterns  of  the  GaN-buffer  on  the  variov>  *npphirr  subsirnirs:  fo) 
r-plane,  (h)  a-plane,  (c)  r-plane. 
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Fig.  3  shows  RHEED  pat  terns  of  the  GaN  films  at  the  end  of  eaeh  run.  These  reveal 
the  same  epitaxial  relationship  between  GaN  films  and  the  substrates  as  the  eorresponding 
GaX  buffers  discussed  in  Fig.  2.  Also  the  films  on  the  c-plane  and  a-jtlane  sapphire 
substrates  are  atomically  smooth. 


(a)  (b)  (c) 

Fig.  a  RHEED  pattr.m.i  of  the.  GaN  films  after  grovith.  on  the  various  sapphire 
.tah.\tTates:  (a)  c-plane.  (b)  a-plane,  (c)  r-plane. 


Fig.  4  shows  tlie  surface  moq)hology  of  GaN  films  grown  on  the  three  fyjjes  of  the 
stibstraies.  The  films  on  the  a-plane  have  the  smoothest  surface  morphology.  The  surfiiee 
inorpliology  of  GaN  fih>’.s  on  the  e-pliine  eon.sists  of  intereonnerted  tiles  .several  thon.sand 
.iiigstroms  in  .si/ie.  The  GaN  films  grown  on  the  r-plnne  .sapphire  were  found  to  have 
roiigliest  .surface  morphology.  The  pyramidal  surface  morphology  is  related  to  the 
fact  that  tlie  a-plane  of  GiiN  is  bounded  by  two  prism  planes  under  eqtiilibruim  growth 
condition. 


A  J  0  ..  0  0  3  1  0  3  n  111 


(a)  (b)  (c) 

Fif/.  4-  surface  morphology  of  GaN  Jibns  yrown  on  variou.*  snh.^trnti  m  (n) 

r-jdavr,  (h)  a-})l(inr.,  (c)  r-ylanr. 
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Fig.  5  8  —  29  XRD  of  the  GaN  film  on  itariou.^  fapphire  .tu.ibiraic.^-  fa)  c.-phinr.  (h) 
a-yliine.  (e)  t -plane.  The  inse.Ti.i  >how  the  eorrc.tponding  rocking  curi'r.i. 

Fig.  o  sliows  the  6  —  29  XRD  and  the  ^-rooking  curve  at  the  main  n  flection  peak  of 
the  GaN  films  grown  on  tlie  three  types  of  substrates.  The  main  reflection  peak  for  the 
GaN  films  grown  on  the  c-plane  and  a-plane  sapphire  .substrates  occurs  at  29  =  34 C’, 
corresponding  to  the  (0002)  reflection.  This  confirms  tliat  films  weri-  grown  with  their 
c-j)lanes  ])nrallel  to  the  substrate.  The  main  diffrcvction  peak  of  the  GaN  film  on  the  r- 
phuie  of  sapphire  occurs  at  29  =  57.8°  corresponding  to  the  GaN  (1120)  reflection.  This 
confirms  the  RHEED  study  that  the  a-planc  of  the  GaN  film  is  parallel  to  the  substrate. 
The  rocking  curve  of  tlie  GaN  film  on  the  c-plane  of  sapphire  has  the  smallest  width 
(FWHM  =  10  min  ),  indicating  that  the  crystalline  quality  of  the.se  films  to  be  the  best. 

The  epitaxial  relationship  of  the  GaN  films  to  the  c-plane  of  sn])phire  is  to  be  ex¬ 
pected.  However,  the  epitaxial  relationship  of  the  GaN  films  on  the  a-phuie  and  r-phuies 
of  .siijtithije  is  not  obvious.  This  ejnttixial  relationship  can  be  accounted  for  as  follows: 
The  a-plane  sapphire  ha.s  a  rectangular  unit  cell  with  dimensions  12.97.4  x  S.23.4.  two  of 
which  can  accomodate  a  number  of  unit  cells  of  GaN  basal  planes  as  shown  in  Fig.  C(a ). 
This  results  in  l.G%  lattice  mismatch  along  [0001]  of  sapphire  anti  0.G%  along  [1100]  axis 
of  the  sa])phire  substrate.  The  r-phuie  of  sapphire  substrate  has  a  unit  cell  with  dimension 
4.75.4  X  15.34.4.  which  accomodate  thret?  unit  cells  of  the  a-])lane  of  GaN  as  illustrated 
in  Fig.  G(b).  This  re.stilts  in  10%  lattice  mismatch  along  the  [1120]  of  sa])phire  anti  l.O'X 
altjiig  the  [1101]  t)f  .sap|)hire. 

CONCLUSIONS 

G;iN  films  were  grown  on  %’arioii.s  rry.sttdlographic  faces  of  sapphire  by  ECR-.MDE. 
Tlie  grtiwth  prticess  involves  the  ctniversitur  t>f  the  sapphire  surfaces  intti  .41N  by  ])lasma 
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Fi(j.  6  Epitaxial  relationship  between  GaN  and  (a)  the  a-plane.  of  sapphire:  (b)  the. 
r-plane  of  sapphire. 

iiitridatioii,  the  growth  of  a  thin  GaN  buffor  at  400  —  500"C  and  the  growtli  of  the  rest 
of  tlie  film  at  GOO  —  SOO'^C.  RHEED  studies  indicate  that  this  process  of  film  growth 
prcimofcs  lateral  growth  and  loads  to  films  with  smootli  surface  morpliology.  Tlu'  XRD 
studies  indicate  that  GaN  films  on  the  c-planc  sapphire  have  the  best  crystalline  (juality. 
However,  llic  films  on  the  a  plane  appear  to  liave  the  smoothest  surface  mor})hology. 
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ABSTRACT 

Ejiitaxial  GaN  films  were  grown  on  Si(OOl)  and  (111 )  stihstrates.  using  a  two-step 
process.  The  films  on  Si(OOl)  are  single  crystalline  having  the  zinchlentle  stniciitnie. 
while  those  on  Si{lll)  have  the  wnrtzite  structure.  The  crj'.stalline  (inalities  of  the 
films  were  studied  by  X-ray  diffraction.  While  the  zincblende  GaN  has  a  perfect  cubic 
structure,  the  wurtzitic  GaN  on  Si(lll)  has  a  considerable  amount  of  stacking  faults 
along  (0002)  direction,  which  gives  rise  to  significant  zincblende  component  with  (111) 
orientation.  Ro(rm  temperature  resistivity  for  both  tj-pe  of  GaN  films  was  found  to 
be  larger  than  100  Q  ■  cm.  The  temireratnre  dei>endence  of  th  r<-sistivity  gives  a  flefect 
level  at  llOmeV  for  wurtzitic  GaN  and  SOnieV  for  ctibic  Ga.N.  Oirtical  studies  show 
that  GaN  on  Si(OOl)  has  a  gap  3.2eV.  and  GaN  on  Si(lll)  has  a  gap  of  3.4e\’  at  room 
tem])ernture. 

INTRODUCTION 

ni-V  nitrides  and  in  particular  GaN  have  been  the  subj<'ct  of  intensive  studies  due 
to  their  potential  for  short  wavelength  light  emitting  devices{l.2j.  GaN  films  have  been 
grown  by  a  variety  of  deposition  tcchni<|ues(l.2].  such  as  Chemicttl  \  a|)<)r  De])osition. 
Metal-Organic  Chemical  Va[K)r  Deposition.  Molecular  Beam  Ei>itaxy  tind  a  number 
of  pln.sma-a.s.si.sted  jtrocesses.  A  variety  of  stibstrates  such  as  silicon.  s]nnel.  silicon 
carbide  and  various  crystallographic  orientations  of  sapphir<’  have  been  used  in  these 
sttidies.  Most  of  the  films  grown  have  the  wnrtzite  structure  (o-Ga.N).  witli  n-tyj>e 
conductivity  and  high  carrier  concentration,  which  is  believed  to  result  from  nitrogen 
vacancies.  Growth  of  GaN  on  foreign  substrates  is  ty])ically  three  dimensional,  which 
leads  to  rough  surface  morjthology. 

Zincblende  GaN(/?-GaN),  which  is  the  thermodynamically  metastable  jihase  of 
GaN.  is  hoped  to  be  more  amenable  to  doiring  tli.ui  the  wurtzitic  GaN.  .since  all  of 
the  III-V  comiKnind.s  that  can  be  efficiently  doped  n-type  or  l>-tyi)ed  are  cubic[l].  .i- 
GaN  has  been  epitaxially  stabilized  on  ,f-SiC  and  MgO(lOO)  stibstrates[3.4).  which  are 
closely  lattice-matched  to  /f-GaN.  and  on  GaAs(5.G)  and  Si[7.Sj  substrates,  whii  h  have 
significant  mismatch  to  /f-GaN. 

The  growth  of  GaN  on  silicon  .substrates  is  both  a  .scientifically  challenging  and  a 
technologically  imirortant  i>roblein.  since  it  offers  the  potential  to  integrate  GaN  and 
Si  devices.  The  difficulties  are  due  to  the  large  difference  in  lattice  constant,  crystal 
structure  and  thermal  exi)ansion  coefficient.  The  majority  of  the  work  on  the  growth 
of  GaN  on  Si(OOl)  or  Si(lll)  reports  the  growth  of  irolycrystJilline  or  amori>hous 
materials[!)-llj.  Recently,  we  deinon.strated  the  growth  of  single  crystalline  GaN  on 
Si(OOl),  having  the  zincblende  structure[7,8].  It  wa.s  reported  that  single  crystMIine 
GaN  in  tlie  wnrtzite  structure  was  grown  on  Si(in)  substrates[9].  However,  this 
conclusion  was  based  on  a  0  —  2t)  scan  of  X-ray  rliffraction  studies  which  only  i)robe 
the  structural  ordering  normal  to  the  substrate,  and  thus  ran  not  distinguish  single 
crystalline  from  well-oriented  polyrrystalline  material. 

Mat.  Rea.  Soc.  Symp.  Proc.  Vof.  242.  '  1992  Materlala  Research  Society 
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In  this  paper,  we  report  a  comparative  study  of  GaN  films  grown  on  Si(OOl)  and 
Si(ni)  substrates  by  ECR  assisted  MBE.  Particular  emphasis  is  placed  on  studies  of 
the  in-plane  and  out-of-plane  crystalline  quality  of  the  GaN  films. 

EXPERIMENT.A.L  METHOUb 

GaN  films  were  grown  using  the  Electron-Cyclotron- Resonance  microwave  plasma 
assisted  Molecular  Beam  Epitaxy  (ECR-MBE)  method[7,8].  GaN  films  were  studied  by 
Reflection  High  Energy  Electron  Diffraction  (RHEED),  Scanning  Electron  Microscopy 
(SEM)  and  X-ray  diffraction  (XRD).  X-ray  diffraction  studies  were  performed  using 
a  diffractometer  with  four-circle  geometry(l2].  This  allows  us  to  perform  o-scans  at  a 
reflection  peak  {hkl),  corresponding  to  planes  not  parallel  to  the  substrate,  to  probe 
the  in-plane  ordering.  Additionally,  standard  0  —  26  scans  were  performed  to  probe 
the  ordering  normal  to  the  substrate. 

GaN  films  were  grown  by  the  one-step  or  two-step  processes  as  described  previ- 
ously[7,8].  In  the  one-step  process,  GaN  films  were  grown  onto  the  substrate  held  at 
a  fixed  temperature,  while  in  the  two-step  process,  a  GaN  buffer  layer  of  a  few  hun¬ 
dred  angstroms  thick  is  grown  first  at  a  low  temperature,  and  the  rest  of  the  film  is 
epitaxially  grown  on  this  GaN-buffer  at  higher  temperatures. 

EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 


(a)  (b) 

Figure  1.  (a)  XRD  of  a  GaN  film  grown  in  one-step  on  Si(lll);  (b)  SEM  surface 
morphorlogy  of  the  same  films. 


Growth  of  GaN  on  Si(OOl)  and  Si(lll)  by  the  ECR-MBE  method,  using  the  one 
step  growth  process,  leads  to  polycrystlline  films.  The  results  on  Si(001i  have  been 
discussed  previously [7,8].  Here  we  discuss  the  results  on  the  growth  of  GaX  on  Si(T  1 1 ). 
Fig.  1  (a)  and  (b)  show  the  6  —  26  scan  of  XRD  and  SEM  surface  morphology  of  a 
GaN  film  grown  at  600°C  on  Si(Hl).  The  data  show  that  the  film  is  polycrystallire. 
with  strong  (0002)  preferred  orientation.  The  SEM  studies  reveal  that  the  film  has 
columnar  morphology. 

In  the  following  we  present  studies  on  GaN  films  grown  on  Si(001!  and  Si(  111) 
using  the  two-step  process.  The  buffer  layer,  approximately  300.-1  thick,  was  grown  at 
dOO^C,  and  the  rest  of  the  film,  approximately  l^im  thick,  was  grown  at  GOO’. 
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Thr  RHEED  patterns,  sliowii  in  Fig.  2,  imlicatc  that  Ga\  films  on  Si(Of)l)  }i;nv' 
tin*  zinrbl('n<h'  structure  with  their  (001)  planes  parallel  to  tin’  substrate,  aiul  tliose  on 
Si(lll)  liave  tlie  wurtzite  structure,  with  their  (0001)  phuies  paralb’l  to  the  sjibstrate. 
The  sharpness  of  the  spots  indicates  good  crystalline  quality  of  the  film,  and  the 
-•^’■''akuig  feature  of  the  spots  sugcr<‘sts  a  fairly  snior»th  stirface  iii'^^'hology. 


(a)  (b) 

Figure  2.  RHEED  patterns  for  (a)  a  GaN  film  on  Si(OOl)  with  [100]  electron 
aziimithal  incidence:  (b)  a  GaN  film  on  Si(lll)  with  [1120]  electron  azimuthal 
incidence. 


(a)  (b) 

Figure  3.  SEM  surface  morphology  of  the  two  GaN  films  discussed  in  Fig.  2.  (a) 
zincblende  GaN,  (b)  wurtzite  GaN. 


Fig.  3  .shows  the  SEM  surface  morphology  of  the  GaN  films  disciis.sed  in  Fig.  2. 
The  surfare  of  the  cubic  GaN  film  ronsists  of  many  retnngular  'tiles',  well  oriented 
along  [110]  direction.  The  height  of  these  tiles  is  of  the  or<l<-r  of  lOOO.-l.  which  is  then 
.■liaract<Mistic  of  the  film  roughness.  The  front  view  of  the  wurzitic  GaN  film  shows 


L 


comparable  roughness,  however,  it  does  not  show  any  pajtic\ilar  geometric  patrerii. 
The  cross-sectional  SEM  studies  did  not  show  any  indication  of  columnar  morphology. 

Figure  4  shtnvs  6  —  29  scans  for  GaN  films  on  Si(OOl)  and  Si(lll).  The  GaX 
film  on  Si(OOl)  shows  a  peak  at  26  =  40.0^,  which  corresponds  to  (002)  refiection  of 
G'!  V  From  thp‘=e  the  lattice  constant  was  calculated  to  be  4.50A.  The  GaN 

film  on  Si(lll)  shows  a  peak  at  34. G  degrees,  which  corresponds  to  (0002)  reflection 
of  the  wurtzite  GaN,  therefore,  the  the  c-valne  for  the  wurtzite  GaN  was  found  to  be 

5.13.4. 


2!f  2k  'i'-ijj-M: 

(n)  (>>) 

Figure  4.  6-26  soaiis  for  (a)  a  zincblende  Ga.V  film  on  Si(OOl).  (b)  a  wurtzirii: 
GaN  film  on  Si{  1 1 1 ). 


•25  0  25  SU  /:•  ;M  3  ?5  n  75  100 

d  (degrees)  ^  (liegrces) 


(a)  (b) 

Figure  5.  <^-scan  for  (a)  a  zincblende  GaN  film  (b)  a  wm  tzite  GaN  film. 

The  (^-scan  for  the  zincblende  GaN  was  performed  at  the  (Ill)  reflection,  and 
is  .shown  in  Fig.  5(a).  The  data  clearly  show  that  the  peak  repeats  itself  every  90 
degrees,  consistent  with  the  cubic  symmetry  of  this  material.  The  FWHM  ( Full  Width 
at  Half  Maximum)  of  these  peaks,  which  measures  the  in-plane  orientational  spread, 
was  found  to  be  2.5  degrees,  while  the  FWHM  of  the  ^-rocking  curve  at  tiie  i002i 
reflection,  which  measures  the  orientational  spread  perpendicular  to  the  siiiistrare. 
was  found  to  be  l'’[S]. 

The  (^-scan  for  the  wurtzitic  GaN  was  performed  at  the  ( 1102)  reflection.  Clearly 
the  peak  repeats  every  60  degrees,  consistent  with  the  3mm  symmetry  of  the  rotation 


437 


axis.  Till-  FWHM  is  found  to  hi’  1.9  degrees,  while  FWHM  of  the  8  — ’i^^-roi-king  eurve 
at  the  (OOll^)  peak  is  found  to  he  0.9" 

The  data  of  Fig.  5  (a)  and  (h)  indicate  that  there  are  no  in  plane  niisoi ienteii 
domains  in  both  structures,  thus  further  confirni.s  the  good  crystallinit y  of  Ga.\'  films 
groan  by  the  two-step  process  on  both  Si(OOl)  and  Si(  111)  substrates. 

The  XRD  shown  in  Fig.  4  indicates  that  while  /?-GaN  mat'  has  a  very  small 
component  of  (111)  or  (0092)  oriented  domaiiis[7.5i.  the  o-Ga?.'  app.  ars  to  !»■  p<Tf<’et 
single  crystal.  However,  any  stacking  faults  along  the  growth  direction  of  the  GaX  film 
on  Sii.llll  can  not  be  easily  detected  in  the  normal  8  —  29  scansll.ll.  Such  star-king 
fault  aiL  Very  common  detvcfs  ia  materials  with  the  FCC  or  HCP  stnict vir^-s  ''rowing 
alotig  tir.-  Mil)  find  (0002)  <lirtH.‘tioas[14j.  Such  stacking  faults,  if  exist  in  the  v/iirti'itir 
GaX  films  on  bi(lll),  should  giv«'  rise  to  a  certain  amount  of  cubi«-  GaX  coinponenT 
with  the  (111)  planes  pat.rllfl  to  the  substrate.  To  explore  this  post^ibility.  we  roratt'd 
the  sample  in  su^h  a  way  that  the  X-ray  diffraction  corresponds  to  t  he  ( OiVJ  i  rcfic'-non 
of  the  ;'iii('blende  structure,  and  indeed  a  peak  was  detected  at  2^  =  40  clesirees.  This 
is  shown  iu  a  ^  —  2^  scan  around  this  peak  Fig.  C^a). 


6.  •  ••  - - 1 - -  -  .  . 1  JOOO  -  -  - 


(a)  (b) 

Figure  6.  (a)  6  —  29  scan  at.  the  (002)  reflection  of  cubic  GaN'  grains  in  a  wurrzitic 
GaN  film:  (b)  ©-scan  at  (ill)  peak  of  cubic  GaX. 


iooo/t(a') 


Figure  7.  Temperature  di'peiidence  of  the  resistivity  of  GaX  films 


438 


To  obfniii  a  stronger  rrflrciion.  <,Vsrans  on  tlioso  rnlnr  <I<)niains  were  ix'rforiiu'd 
at  (111)  peak,  wliirh  is  shown  in  Fig.  6(1)).  Tht  'SC  <lnta  reveal  a  repetition  every  Gi) 
(legtrs's.  SiiK’e  the  (111)  axis  in  the  zinehleiirle  striietnre  is  only  ;t  3-fol(i  rotational 
axis,  the  O  —  .-icon  slionld  .show  a  ri'petilion  every  120"  instejul  of  every  GO".  Therefore 
t  ht'  o-sean  of  Fig.  G(  1>)  indicates  that  the  cuhic  doiuains  hav'e  two  in-plane  orit'Htations 
differing  by  GO  degrees  in  O.  This  ran  he  arconnted  for  if  tliere  are  two  kinds  of  stacking 
st'tinerice.  nainely.  .4BC...  anti  CB.4...  .seqneiice.  The  fat  t  t]:at  the  peak  at  d  —  GO"  is 
of  roniitarable  intensity  to  the  other  two  peaks  suggests  that  the  two  types  of  sttirking 
sequence  occur  with  an  equid  prohahility.  as  is  expectetl. 

Tht'  existence  ttf  the  cubic  GaN  tloniaiiis  in  tlie  wnrtxite  strncturs  iinjtlit's  the 
existence  of  high  concentration  of  stacking  fatdts.  Tliis  cttnld  be  tint'  to  the  fart  that 
the  cohesive  energies  of  wtirtzite  anti  ziticblcnde  Ga\  are  coniiiarable.  so  that  tlie 
formation  energy  of  a  stacking  fault  is  neglegible.  If  this  is  true,  then  all  of  the  (0002) 
t)ri('nt('fl  GaN  films  htive  a  ctaisith'rabh'  anitaint  t)f  stticking  hudts.  This  is  currentlv 
being  invf'stigatt'd  by  XBD  studies  t>f  GaN  on  ( 1120)  tui'l  (0001 )  sjqtphire  snbstratt'jl.yl. 
Howevt'r.  ont'  shoidtl  not  rule  out  i  hat  ilie  high  ctuic(*ntration  of  stacking  faults  in  Ga.V 
on  Si(lll)  is  relalt'd  to  strain  re.sidting  from  the  lagge  lattice  misniateh  lietween  GaN 
anti  Si.  which  I'tadtl  It'tid  to  rt'thiction  ttf  the  fornnitittn  energy  of  stticking  faults  due 
to  structural  th'forination. 

Optical  stutlies  .suggt'sts  that  the  zincbh'nde  GaN  on  Si(001 )  has  a  tlirect  band  gaj) 
3.2f  r  and  wurtzite  GaN  on  Si(  111)  has  a  direct  bmitl  gap  3.-lf  V.  GaN  films  on  Si(OOl) 
and  Si(lll)  have  coniiiarable  room  temperature  resistivity,  of  the  order  of  lOOfhttt, 
The  activation  energ.v  from  tht'  temperature  tlepentletire  of  the  n'sistivity  (Figure  7) 
is  aiiin-ox'inately  llOiiifr  for  wurtzitic  GaN.  anti  SOintr  for  zincbleuile  GaN. 

coNrrx'sro.vs 

In  conclusion.  GaN  films  weit  successfully  grown  on  SiftfOl )  tintl  (111)  substrates, 
using  the  two-.stej)  iiroce.ss.  The  films  on  Si(OI)l)  are  single  crystalline  having  the 
zincblende  strucutrue.  whilt'  thtise  on  Sidll)  have  the  wurtzite  struriuii'  .\lthough 
RllEED  suggest  that  tht'  wurtzitic  GaN  on  Si(lll)  is  single  ei.v.ttidline.  consitleiabie 
titnonnf  tif  cubic  plni.se  was  iletectetl  by  XBD  studies,  anti  was  attributi'il  to  larger 
concentration  of  stticking  faults  alon.g  the  growth  direction.  Both  lyiu'  of  Gal'  11ms 
showetl  comparable  electrical  properties.  Tht'  temperature  tlept'ntience  of  ih  ri'sistu  ity 
gives  a  defect  level  tit  llOmeV  for  wurtzitic  GaN  anti  SOiiieV  ftir  cubic  GaN  Oiitical 
studies  show  that  they  have  slight  difft'rent  bantlgap. 
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TRANSPORT  OF  InN  OVERLAYERS  ON  AIN-NUCLEATED  (00.1)  SAPPHIRE 
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Applied  Physics  Laboratory 

The  Johns  Hopkins  University,  Laurel,  MD  20723-6099 


ABSTRACT 

The  seeded-heteroepitaxial  growrth,  morphology  and  electrical  transport 
properties  of  InN  overlayers  deposited  by  reactive  magnetron  sputtering  on  AIN- 
nucleated  (00.1)  sapphire  have  been  investigated.  For  comparison,  InN  films  were 
grown  directly  onto  (00.1)  sapphire  under  identical  experimental  conditions.  These 
unseeded  films  showed  a  unimodal  growth  and  were  a  mixture  of  textured  and  broadly 
heteroepitaxial  grains.  Low  Hall  mobility  and  carrier  concentration  and  high  resistivity 
were  typical.  In  contrast,  the  AIN-nucleated  InN  overlayers  exhibited  a  bimodal  growth, 
strongly  heteroepitaxial  grains,  and  high  Hall  mobility.  A  particularly  interesting  aspect 
of  the  films  grown  on  seeded  (00.1)  sapphire  is  the  preservation  of  electrical  continuity 
and  high  Hall  mobility  even  in  the  limit  of  InN  overlayers  with  thicknesses  only  on  the 
order  of  20-40A. 


INTRODUCTION 

It  is  well  known  [1-2]  that  as  the  lattice  mismatch  for  heteroepitaxial  systems 
increases,  the  film  nucleation  mechanism  changes  from  the  Frank-van  der  Merwe 
(layer-by-layer)  to  either  the  Stranski-Krastnov  or  Volmer-Weber  (3D  island)  growth 
mode.  It  is  also  becoming  more  widely  appreciated  that  seeded  heteroepitaxy  can 
alter  the  choice  of  growth  mechanism  and  therefore  significantly  modify  dependent 
physical  properties.  Very  recent  examples  of  the  utility  of  seeded-heteroepitaxiai 
growth  include:  the  deposition  of  smooth,  high  mobility  films  of  GaN  on  AIN-nucleated 
[3]  and  self-nucleated  (00.1)  [4]  sapphire;  the  achievement  of  heteroepitaxial  tin  films 
on  Si(IOO)  yig  self  nucleation  [5];  the  study  of  the  intrinsic  magnetic  anisotropy  in  Co/M 
(M  =  Au  [6],  R  [7],  and  Pd  [8])  epitaxial  superlattices;  and,  finally,  the  growth  of  highly 
oriented  cubic  zirconia  on  (00.1)  sapphire  [9]. 

In  this  report,  aspects  of  our  continuing  studies  [10]  on  the  growth  dependence 
of  thickness,  morphology  and  electrical  transport  for  inN  films  deposited  on  (00.1) 
sapphire  and  AIN-seeded  (00.1)  sapphire  substrates  are  presented. 


EXPERIMENTAL 

All  films  were  grown  in  a  magnetron  sputter  deposition  system  with  a  typical 
base  pressure  near  5x10  ®  Torr.  The  targets  were  Al  or  In  disks  with  purity  in  excess 
of  99.99%  and  growth  was  carried  out  in  99.999%  pure  Nj  gas  at  a  pressure  of  5 
mTorr.  The  substrates  were  chemically  polished  (00.1)  sapphire  which  were 
degreased  and  subsequently  heated  to  900°C  in  vacuo.  For  the  InN  films  deposited 
directly  onto  (00.1)  sapphire,  the  substrate  temperature  was  then  reduced  to  400°C, 
and  film  growth  (rf;  SOW)  initiated.  For  the  InN  films  deposited  onto  AIN-nucleated 
(00.1)  sapphire,  the  temperature  was  intermediately  reduced  to  600°C  and  an  AIN 
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nucleation  layer  was  dc  sputtered  (500mA,  325\/;  I5min,  -400A),  and  finally  the 
temperature  of  the  nucleated  substrate  was  reduced  to  400°C  and  the  InN  overlayer 
grown. 

RESULTS  AND  DISCUSSION 

To  establish  a  framework  for  discussion,  a  description  of  the  properties  of  the 
InN  films  deposited  directly  onto  (00.1)  sapphire  at  400°C  is  first  given.  From  Figure 
1 ,  it  can  be  seen  that  there  is  a  single,  essentially  linear  dependence  of  film 


Figure  1 .  Dependence  of  film  thickness 
film  on  sputtering  time  for  InN  films 
grown  on  (00.1)  sapphire  (  +  )  and  on 
AIN-nucleated  (00.1)  sapphire  (o). 


Figure  2.  Variation  in  percent  epitaxial 
grains  with  film  thickness  for  InN  films 
grown  on  (00.1)  sapphire  (  +  )  and  on 
AIN-nucleated  (00.1)  sapphire  (o). 


thickness  on  deposition  time.  Moreover,  these  films  are  a  composite  of  substantial 
fractions  of  textured  [{00.1)|nfg//(00.1)3gpp^jfg]  and  broadly  heteroepitaxial  [additionally, 
(10.0)|nnj//(11.0)5gppf,|rg]  grains  (Figur^)  and  show  a  uniformly  poor  Hall  mobility 
(Figure  3),  low  carrier  concentration  and  high  resistivity.  These  results  are  typical  of 
thin  films  of  InN  on  (00.1)  saophire  having  evolved  by  a  3D  Island  growith  mode  and 
comprised  of  a  mosaic  of  weakly  interacting  columnar  grains. 

The  rather  mundane  properties  of  these  InN  films  on  (00.1)  sapphire  are 
contrasted  by  the  characteristics  of  the  InN  overlayers  grown  on  AIN-seeded  (00.1) 
sapphire.  Firstly,  the  AIN-nucleated  InN  overlayers  are  found  to  be  composed  almost 
entirely  (Figure  2)  of  heteroepitaxial  grains  showing  the  same  heteroepitaxial 
relationship  to  the  sapphire  substrate  as  for  the  unnucleated  films.  Importantly,  this 
heteroepitaxial  relationship  prevails  even  from  the  very  thinnest  films  investigated  (-20- 
40A)  on  up  to  a  film  thickness  of  over  3.5nm.  At  the  limit  of  the  thickest  films 
investigated  (-4.5Mm).  the  structural  and  morphological  correlations  significantly 
degenerate,  and  the  films  are  either  largely  textured  (T)  or  heavily  epitaxial  (E)  and 
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exhibit  significantly  different  thicknesses  (Figure  1)  and  transport  (Figure  3)  properties. 

Secondly,  two  distinctive  regimes  are  readily  identified  for  the  dependence  of 
overlayer  thickness  on  deposition  time,  viz.  Figure  1 .  Consistent  with  these  and  other 
data  [1-2],  the  morphology  of  the  InN  overlayers  on  AIN-nucleated  (00.1)  sapphire  in 
the  early  time  regime  likely  evolves  yig  a  2D  layer-by-layer  growth  mechanism.  For 
longer  deposition  times,  these  results  are  suggestive  of  a  change  in  growth  mechanism 
and  a  likely  crossover  to  a  large  grain,  3D  island  mode. 
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Figure  3.  Dependence  of  Hall  mobility 
on  film  thickness  for  InN  films 
grown  on  (00.1)  sapphire  (  +  )  and  on 
AIN-nucleated  (00.1)  sapphire  (o). 
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Figure  4.  Variation  in  resistivity 
with  film  thickness  for  InN  films 
grown  on  AIN-nucleated  (00. 1 ) 
sapphire  (o). 


Thirdly,  the  electrical  characteristics  of  these  InN  overlayers  are  quite  interesting. 
From  an  InN  film  thickness  of  about  20-40A  to  over  3. Sum,  Figure  3,  Hall  mobilities 
from  25  to  60  cm^/V-sec  are  measured.  For  the  thinnest  of  the  InN  overlayers  studied, 
electrical  continuity  is  maintained  in  spite  of  the  fact  that  the  AIN  nucleation  layer  is 
composed  of  a  high  density  of  small  particles  (lattice  mismatch  for  AIN  and  sapphire 
of  13.2%)  and  that  the  thickness  (20-40A)  of  the  InN  overlayer  is  very  modest 
compared  to  that  (400A)  for  the  insulating  AIN-nucleation  layer.  Finally,  the  observed 
variation  in  Hall  mobility  with  film  thickness  shown  in  Figure  3  arises  from  competing 
trends  in  carrier  concentration  and  film  resistiv'y.  There  is  a  smooth  and  rapid 
reduction  in  carrier  concentration  as  the  importance  of  misfit  dislocations  and  surface 
scattering  states  decreases  with  increasing  distance  from  the  film/nucleation 
layer/substrate  interface.  As  can  be  seen  in  Figure  4,  however,  there  is  a  sharp  rise 
in  film  resistivity  with  increasing  inN  overlayer  thickness,  followed  by  a  local  maximum 
(possibly  signalling  the  transformation  from  heteroepitaxial  to  homoepitaxial  growth), 
and  then  a  slow  rise. 

In  summary,  thin  films  of  InN  have  been  deposited  onto  (00.1)  sapphire  and  AIN- 
nucleated  (00.1)  sapphire  by  reactive  magnetron  sputtering.  The  influence  of  the  AIN 
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nucleation  layer  on  film  thickness,  morphology,  and  transport  properties  has  been 
shown  to  be  dramatic.  For  example,  the  unnucleated  films  show  a  single  3D  island 
growth  mechanism,  while  there  is  a  crossover  from  a  2D  layer-by-layer  to  a  3D  island 
growth  mode  at  a  critical  film  thickness  for  the  AIN-seeded  InN  overlayers.  Lastly, 
while  InN  films  grown  directly  onto  (00.1)  sapphire  are  a  mixture  of  textured  and 
heteroepitaxial  grains  and  generally  exhibit  poor  transport  properties  at  all  film 
thicknesses,  AIN-nucleated  overlayers  as  thin  20-40A  show  fully  heteroepitaxial  growth 
and  quite  high  electrical  mobility. 
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ABSTRACT 


Gallium  nitride  thin  films  were  prepared  by  atmospheric  pressure  chemical  vapor 
deposition  from  hexakis(dimethylamido)digallium,  Ga2(NMe2)6,  and  ammonia  precursors  ai 
substrate  temperatures  of  100— 400  °C  with  growth  rates  up  to  1000  A/min.  The  films  were 
characterized  by  transmission  electron  microscopy.  X-ray  photoelectron  spectroscopy,  Rutherlord 
backscattering  spectrometry  and  forward  recoil  spectrometry.  The  N/Ga  ratio  varied  from  l.O.s  for 
films  deposited  at  400  °C  to  1 .5  at  100  °C.  The  hydrogen  concentration  increased  from  10  atom  fi 
for  films  deposited  at  400  °C  to  24  atom  %  at  100  °C.  Films  deposited  at  100  °C  were  amorphous 
but  films  deposited  at  higher  temperatures  were  polyerystalline.  Bandgaps  of  the  films  varied  from 
3.8  eV  for  films  deposited  at  400  "C  to  4.2  eV  at  100  °C. 


INTRODUCTION 


Gallium  nitride  is  a  semiconductor  with  a  direct  bandgap  of  .3.4  eV  that  has  potential 
applications  in  optoelectronic  devices  such  as  light  emitting  diodes  and  UV-emitting  lasers  1 1 1. 
Because  of  its  predicted  large  saturated  electron  drift  veltKity,  gallium  nitride  is  also  a  candidtite  for 
use  in  high  power,  high  frequency  devices  |2|.  Alloys  of  the  group  III  nitrides,  such  as  AlGaN 
and  GaInN,  have  also  been  widely  studied  because  of  their  potential  applications  in  microelectronic 
and  optoelectronic  devices  (3|.  To  date,  applications  of  gallium  nitride  have  been  limited  because 
most  methtxls  of  preparation  yield  conductive  n-type  GaN.  The  conductivity  is  attributed  to  the 
presence  of  nitrogen  vacancies,  which  are  thought  to  result  because  of  the  high  temperatures 
retiuired  in  the  preparation  of  GaN  films  1 1 ). 

Chemical  vapor  deposition  (CVD)  routes  to  GaN  include  the  use  of  gallium  metal, 
hydrogen  chloride  and  ammonia  at  800-1200  °C  (4j,  gallium  halides  and  ammonia  at  600  |.s. 

6|,  and  gallium  alkyl  complexes  and  ammonia  at  5(X)-700  °C  |7|.  Recently,  there  has  been  a 
considerable  effort  to  develop  lower  temperature  physical  and  chemical  vapor  deposition  routes  to 
GaN.  For  example,  electron  cyclotron  resonance  plasma  excited  organometallic  vapor  ph.ise 
epitaxy  has  been  used  to  deposit  GaN  films  at  .300  4(K)  °C  |8).  Lower  CVD  temperatures  h.ivc 
been  achieved  by  use  of  trimethylgallium  and  hydrazine  (425-960  °C)  |9|  and  the  thermal 
decomposition  of  diethylgallium  azide,  |Ei2Ga(/z-Nt)l3  (3.50-4.50  °C)  1 10.  1 1 1. 

We  recently  demonstrated  that  polyerystalline  gallium  nitride  thin  films  deposited  from 
hexakis(dimethylamido)digallium,  Ga2(NMe2)6  (0. and  ammonia  precursors  at  2(XI  ''C  |I2| 
according  to  the  idealized  chemical  reaction  shown  below  (eq  1 ).  Ga2(NMe2)f,  is  a  moileratcly  air- 
sensitive  solid  which  melts  at  92  "C  and  sublimes  readily  under  vacuum  in  the  temperature  rance 
70-80°C|13,14|. 

Ga2(NMe2)6  -*■  6NH3  - >  2GaN  -v  bHNMea  (It 

Herein  we  report  the  extension  of  the  gallium  nitride  synthesis  to  include  temperatures  ot 
deposition  in  the  range  100  to  4(X)  "C. 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  242.  '  1992  Materials  Research  Society 


446 


HaC  ^CHa 

A  / 

N 

(CHa)2N«,....^/  V..MN(CHa)2 
(CHa)2N^^\  /^®'*N(CHa)2 
N 


EXPERIMENTAL 


General  experimental  procedures  have  been  described  previously  112,15).  Rutherford 
backscattering  and  forward  recoil  spectrometry  were  performed  on  a  General  Ionics  Model  4!  17 
spectrometer.  A  gold-coated  piece  of  Kapton  (composition:  C22H10N2O5)  was  used  as  the 
calibration  standard  in  the  forward  recoil  experiments.  The  transmission  electron  micrographs  and 
electron  diffraction  patterns  were  obtained  on  a  Philips  EM420T  scanning  transmission  electron 
microscope.  Transmi.ssion  spectra  were  recorded  with  a  Varian  2jl9()  spectrophotometer  for 
samples  deposited  on  quartz.  Refractive  indexes  were  measured  with  a  Rudolf  Auto-EL 
ellipsometer  for  samples  deposited  on  silicon. 


RESULTS 


Film  depositions  from  Ga2(NMe2)6and  ammonia  were  successfully  carried  out  on  silicon, 
quartz  and  glass  substrates  in  the  temperature  range  100-4(X)  °C.  At  each  deposition  temperature 
the  highest  growth  rates  of  up  to  ICKX)  A/min  were  obtained  when  the  bubbler  assembly  containing 
the  precursor  and  the  reactor  feed  lines  for  the  gallium  complex  were  maintained  at  1  (XI  and  1  .^0  °C. 
respectively.  The  films  showed  good  adhesion  on  all  substrates  by  the  adhesive  tape  criterion  and 
were  not  visibly  affected  when  placed  in  concentrated  hydrochloric  acid  for  5  minutes. 

The  nitrogen  to  gallium  ratio  in  the  films  was  detemiined  by  Rutherford  backscattering 
spectrometry  (RBS)  for  films  deposited  on  silicon.  The  results  are  summarized  in  Table  I.  In 
general,  the  films  were  nitrogen  rich  but  the  amount  of  excess  nitrogen  decreased  as  the 
temperature  of  deposition  increased.  No  signals  due  to  carbon  or  oxygen  were  observed  in  the 
RBS  spectra. 

Table  1.  Composition  of  Gallium  Nitride  Films 


Temperature  of  Deposition 
(°C) 

N/Ga  ratio^ 

H  content^ 

(atom  T) 

100 

1.50 

24 

2(X) 

1.20 

19 

300 

1.05 

14 

400 

1 .05 

10 

a  The  error  in  these  values  is  estimated  to  be  ±0.05. 
’’  The  error  in  these  values  is  estimated  to  be  ±1  %. 


Forward  recoil  spectrometry  (FRS)  was  used  to  determine  the  hydrogen  content  of  the 
films  (Figure  I).  The  content  decreased  by  =5  atom  %  for  each  l(X)"C  increase  in  deposition 
temperature.  The  smallest  amount  of  hydrogen  (=10  atom  91 )  was  found  in  the  films  deposited  at 
400  X. 

X-ray  photoeicctron  spectra  were  used  to  estimate  the  amount  of  carbon  and  oxygen  in  the 
films.  After  sputtering  (.5-keV  Ar+  sputter  gun)  into  the  bulk  of  the  films,  no  carbon  signals  were 
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observed  which  indicated  that  the  concentration  of  the  carbon  was  less  than  1-2  atom  %,  None  of 
the  films  examined  had  more  than  5  atom  %  oxygen  present  in  the  bulk.  The  binding  energy  of  the 
Ga  3d  peak  was  19.4  eV,  which  is  consistent  with  the  value  reported  previously  for  GaN  ]  16|, 


Fiaiire  1.  F^S  spectra  for  GaN  films  deposited  on  silicon  at  100  (a).  200  (b),  300  (c)  and  4(K) 
(d)  "C. 


Transmission  electron  micro.scopy  (TEM)  was  used  to  examine  the  morphology  of  the 
films.  The  films  deposited  at  100  °C  were  smooth  and  featureless  and  showed  a  diffuse  electron 
diffraction  pattern  consistent  with  an  amorphous  material.  Films  deposited  at  200.  300  and 
4(K)  '’C,  on  the  other  hand,  gave  well-defined  electron  diffraction  patterns  indicative  of  a 


Figure  2:  Transmission  electron  micrograph  of  Figure  3:  Electron  diffraction  pattern  for  a 
a  GaN  thin  film  deposited  at  400  °C  on  GaN  film  deposited  at  400  “C  on  carbon- 

carbon-coated  mica  coated  mica. 
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polycrystalline  material.  The  diffraction  patterns  were  consistent  with  the  hexagonal  phase  of 
gallium  nitride  [171.  Micrographs  indicated  that  the  films  were  dense  with  a  crystallite  size  in  the 
2-10  nm  range.  The  TEM  micrograph  and  electron  diffraction  pattern  for  a  film  deposited  at  4(X)  ‘‘C 
are  shown  in  Figures  2  and  3. 

Transmission  spectra  recorded  for  films  deposited  at  100,  200  and  400  °C  are  shown  in 
Figure  4.  The  films  showed  a  high  transmittance  in  the  visible  region.  The  optical  band-gaps  of 
the  films  were  estimated  by  plotting  hv  vs  («hv)'/2  where  h  v  is  the  photon  energy  and  a  is  the 
absorption  coefficient.  This  procedure  revealed  that  the  bandgap  decreased  as  the  deposition 
temperature  was  increased  (Table  II)  from  a  value  of  4.2  eV  for  films  deposited  at  100  “C  to  3.8  eV 
for  films  deposited  at  400  °C.  The  bandgaps  were  higher  than  the  value  of  3.4  eV  reported  for 
single  crystal  gallium  nitride  ( 1 1. 


Figure  4.  Transmission  spectra  for  gallium  nitride  films  deposited  on  quartz  at  100.  200  and 
400  “C. 


Table  11.  Optical  Properties  for  Gallium  Nitride  Films  Deposited  on  Quartz. 


Temperature  of  Deposition 

m 

Bandgap^ 

(cVl 

Refractive  index 

1(X) 

4.20 

1.86 

2(X) 

4.10 

2.08 

300 

4.10 

2.10 

3.80 

2.17 

•>  The  error  in  these  values  is  estimated  to  be  ±0.05. 


Refractive  indexes  of  the  films  were  found  to  increase  with  deposition  temperature.  For 
example,  the  values  were  1.86  at  100  °C  and  2.17  at400°C.  Refractive  indexes  in  the  range  2.0.3 
2.5  have  been  reported  for  gallium  nitride  |18).  For  all  deposition  temperatures  the  films  had 
resistivities  greater  than  108  n  cm  as  determined  by  the  four  point  probe  method. 

Hexakis(dimethylamido)digallium  was  also  examined  as  a  possible  single  source  precursor 
to  GaN  films.  In  the  substrate  temperature  range  100-300  °C  no  film  deposition  was  observed 
from  the  single-source  precursor  system  on  silicon  or  glass.  However,  at  4()0  “C  under  deposition 
conditions  that  were  similar  to  those  described  above  for  the  dual  precursor  system,  films  were 
obtained  on  silicon.  Analysis  of  the  films  by  XPS  revealed  that  after  sputtering  into  the  bulk  of  the 
sample,  only  strong  gallium  and  weak  oxygen  signals  were  ob.served.  No  signals  attributable  to 
carbon  or  nitrogen  were  detected. 
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DISCUSSION 


Hexakis(dimethyIamido)digaIIium  and  ammonia  is  a  promising  precursor  system  for  the 
low  temperature  chemical  vapor  deposition  of  gallium  nitride  thin  films.  Films  deposited  by  this 
method  showed  good  adhesion,  good  chemical  resistance  and  had  high  growth  rates. 

Films  deposited  at  100  °C  were  amorphous  with  hydrogen  concentrations  greater  than  20 
atom  %  and  contained  a  large  excess  of  nitrogen  over  the  expected  GaN  stoichiometry.  Films 
deposited  at  2(X>-400  °C  were  polycrystalline  (hexagonal).  At  the  higher  temperatures,  the  N:Ga 
ratio  was  close  to  1  and  the  hydrogen  content  was  low.  Hence,  films  deposited  at  200  °C  and 
higher  temperatures  can  be  formulated  as  GaN  containing  residual  hydrogen. 

The  refractive  index  of  films  deposited  at  1(X)  °C  was  1,86,  which  is  lower  than  the  value 
reported  for  gallium  nitride  [18].  This  is  probably  due  to  a  lower  density  of  the  films,  which  is 
perhaps  a  consequence  of  the  large  amount  of  hydrogen  in  the  films.  Films  deposited  at  2(X)  °C 
and  higher  temperatures  display  refractive  indexes  close  to  the  reported  value.  The  hydrogen  in 
the  films  may  also  account  for  the  discrepancy  between  the  measured  bandgaps  (3. 8-4.0  eV)  and 
the  bandgap  reported  for  crystalline  gallium  nitride  (3.4  eV),  since  the  amount  of  hydrogen  and  the 
bandgap  both  decrease  with  increasing  temperature  of  deposition. 

The  deposition  of  GaN  films  from  Ga2(NMe2)6  and  NH3  probably  proceeds  via  Ga-NH^ 
and/or  Ga=NH  containing  intemiediates.  Incomplete  decomposition  of  these  putative  intermediates 
may  account  for  the  large  amount  of  hydrogen  in  the  films  at  low  temperatures. 


CONCLUSIONS 


Hexakis(dimethylamido)digallium  and  ammonia  precursors  deposited  amorphous  and 
polycrystalline  gallium  nitride  films  at  1(K>  °C  and  200-400  °C.  respectively.  Because  the 
precursor  mixture  gave  polycrystalline  films  with  low  carbon  and  oxygen  contamination,  the 
system  warrants  further  examination.  In  particular,  single  crystal  films  may  be  accessible  if  the 
depositions  were  carried  out  over  suitable  substrates  such  as  sapphire.  Also,  it  may  be  possible  to 
use  the  Ga2(NMe2)6/NH3  precursor  system  in  combination  with  the  Al2(NMe2)f>/NH3  system, 
which  produced  AIN  films  of  similar  quality  in  the  same  temperature  range  1 19),  for  the  deposition 
of  AlGaN  films. 
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AN  INVESTIGATION  OF  LIGHT  INDUCED  DEFECTS  IN  ALUMINUM  NITRIDE  CERAMICS 
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ABSTRACT 

It  has  been  observed  that  aluminum  nitride  (AIN)  ceramics  exhibit  a  significant  photo-dadrening  when 
exposed  to  UV  or  X-ray  radiation,  though  the  origin  of  this  etiect  has  never  been  understood.  In  this 
study,  the  optical  character  of  these  defects  is  investigated  utilizing  a  UV-pump,  visible-probe 
arrangement,  where  very  large  changes  aT  in  the  probe  transmission  T  (induced  absorption)  are 
observed  after  excitation  (aT/T -0.60).  These  experiments  reveal  that  the  photo-darirening  is  due  to  the 
creation  of  light  induced  defects,  with  an  energy  level  deep  in  the  AIN  bandgap.  Utilizing  these  results, 
a  light  induced  delect  formation  model  is  proposed  which  is  consistent  with  the  known  defect  chemistry 
of  this  material. 

INTRODUCTION-  OXYGEN  DEFECTS  IN  ALUMINUM  NITRIDE 

Oxygen  related  defects  In  aluminum  nitride  (AIN)  ceramics  have  been  the  subject  of  numerous  studies 
over  the  past  two  decades.  This  defect,  which  has  been  investigated  utilizing  photoluminescence  [1  -4], 
X-ray  diffraction  [1,5,6],  NMR  [7],  thermal  conductivity  measurements  [1,5, 8, 9]  and  electron 
microscopy  [10-13|,  has  been  shown  to  influence  phase  and  polytype  formation  [13-15],  optical 
properties  [1  -4,16-18]  and  thermal  conduction  [1 .5,8,9,19,20]  in  AIN  ceramics  and  single  crystals  [1 ,5] 

The  earliest  comprehensive  modelling  of  the  oxygen  defect  in  AIN  ceramics,  with  particular  emphasis 
on  its  effect  on  thermal  conduction,  is  the  work  of  Slack  [5].  In  these  studies.  Slack  proposed  that 
oxygen  substitutes  for  nitrogen  in  the  wurtzite  AIN  lattice  (tetrahedraliy  coordinated  Al  and  N  sites)  with 
the  subsequent  formation  of  an  aluminum  vacancy  (V^j)  as  a  charge  balancing  mechanism.  Slack 
supported  this  model  with  the  results  of  X-ray  diffraction  lattice  parameter  measurements  and  thermal 
conductivity  measurements  performed  on  single  crystal  samples. 

Recently,  Harris  et  al  have  elaborated  on,  and  extended,  the  Slack  model  by  illustrating  that  a 
iransiiion  in  the  nature  of  the  oxygen  related  defect  occurs  lor  oxygen  concentrations  above  a  critical 
value  [1 ,21],  These  workers  studied  the  manifestations  of  this  transition  utilizing  photoluminescence 
spectroscopy.  X-ray  diffraction  derived  lattice  parameter  measurements  and  thermal  resistance 
measurements.  In  the  luminescence  experiments,  AIN  ceramic  and  single  crystal  samples  with  varying 
oxygen  concentrations  were  excited  at  267nm.  The  results  ot  this  experiment,  shown  in  Figure  1  tor 
273K,  indicated  a  significant  shift  in  the  luminescence  peak  as  oxygen  concentrations  were  increased 
up  to  0  75  at.%;  whereas  above  this  value  the  peak  became  stationary  At  this  same  transition  point  a 
significant  increase  in  the  luminescence  intensity  was  observed.  The  nature  ot  this  transition  is  further 
revealed  in  the  AIN  unit  cell  volume  as  a  function  of  oxygen  content  as  shown  in  Figure  2  Note  from 
this  figure  that  the  AIN  lattice  is  observed  to  contract  as  oxygen  is  dissolved  up  to  a  concentration  near 
0.75  at.  percent  (labelled  region  I),  but  further  oxygen  addition  re-expands  the  AIN  lattice  (region  II) 

A  schematic  of  the  model  proposed  by  Harris  et  al.  to  explain  their  experimental  findings  is  shown  in 
Figure  3.  This  model  contends  that  at  oxygen  concentrations  below  0  75  al.%  (region  I),  the  oxygen 
detect  consists  ot  oxygen  substituted  on  a  nitrogen  site  Ojg  and  an  aluminum  vacancy  (with  a  ratio 
0|nj/Va(=3),  as  first  proposed  by  Slack  [5].  This  detect  is  shown  schematically  in  Figure  3(a)  As 
analyzed  by  Harris  et  al..  the  presence  ot  vacancies  on  the  Al  sub-lattice  produces  the  lattice 
contraction  shown  in  Figure  2  [1]  The  thermal  conduction  modelling  performed  by  these  workers  also 
indicates  that  both  and  V^|  must  be  charged  detects  (correlated  to  each  other  via  a  coulomb 
interaction)  [1]  As  oxygen  concentrations  exceed  0.75%,  a  transition  in  the  oxygen  accomodating 
delect  occurs.  The  region  II  defect,  which  forms  at  the  expense  of  the  defect  complex  of  region  i  (V^y  + 
0(ij),  consists  of  Al  atoms  oclahedrally  bound  to  an  increasing  number  of  oxygen  atoms,  as  shown 
schematically  in  Figure  3ib).  Thus  for  each  octahedral  defect  formed,  two  aluminum  vacancies  are 
annihilated.  This  explains  the  re-expansion  of  the  AIN  lattice,  shown  in  Figure  2,  as  the  oxygen 
concentration  increases  in  region  II  At  still  higher  oxygen  concentrations,  Harris  et  al  propose  that  this 
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Figure  t :  Steady  stale  luminescence  peak  position  and  intensity  as  a  function  of  oxygen  concentration 
in  AIN  ceramics  at  273K. 


Figure  2:  AIN  unit  cell  volume  changes  as  a  function  of  oxygen  concentration  (positive  AV/V  indicates 
contraction). 


Figure  3:  Schematic  representation  of  the  oxygen-related  delect  evolution  as  a  function  ot  oxygen 
content:  (a)  isolated  aluminum  vacancy  with  associated  oxygen;  (b)  aluminum  octahedrally 
coordinated  to  oxygen;  and  (c)  extended  defect. 
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octahedrally  coordinated  Al  atom  unit  can  be  used  as  a  building  block  for  producing  the  extended 
defects  frequently  observed  in  AIN  ceramics  (e  g.  stacking  faults,  inversion  domain  boundaries)  as 
pictured  in  Figure  3(c)  [f). 

It  will  be  the  goal  of  the  remaining  portion  of  this  paper  to  show  that  the  delect  complex  of  region  I,  a 
(negatively  charged)  aluminum  vacancy  coupled  to  a  (positively  charged)  substituted  oxygen  atom, 
may  trap  photo-excited  carriers  to  populate  a  meta-stable  energy  level  within  the  AIN  bandgap  (Eg-6.2 
eV  at  T=300K).  This  excited  level,  which  will  be  investigated  via  photo-induced  absorption 
spectroscopy,  gives  rise  to  a  distinct  photo-darkening  of  the  AIN  sample,  as  shown  in  Figure  4. 

RESULTS-  PHOTO  INDUCED  ABSORPTION  MEASUREMENTS 

In  order  to  investigate  photo-induced  energy  levels  in  AIN  ceramics,  a  photo-induced  absorption 
experiment  was  undertaken.  In  this  simple  experiment,  AIN  ceramic  samples  are  excited  at  252nm 
utilizing  the  (filtered)  radiation  from  a  Flg(Ar)  vapor  lamp  while  the  transmission  of  a  probe  beam  at 
44f  nm  (FleCd  laser)  is  monitored.  A  typical  induced  absorption  trace  is  shown  in  Figure  5,  where  the 
probe  transmission  (44tnm)  is  monitored  from  time  t=0  and  the  UV  lamp  is  activated  at  t=t.|.  Note  the 
significant  decrease  in  the  probe  transmission  (photo- induced  absorption)  observed  for  t>t.|.  The 
dynamics  of  this  effect  will  be  the  subject  of  a  future  publication  [22).  At  time  t=t2.  the  UV  irradiation  is 
turned  off  with  the  probe  beam  still  activated  Note  that  the  probe  transmission  increases  (with  time), 
indicating  a  probe- induced  photo-bleaching  of  the  UV  induced  center  This  photo-bleaching  is  clearly 
evident  by  observing  the  sample  after  this  experiment,  where  a  light  region  is  observed  at  the  spot 
where  the  probe  beam  was  incident,  whereas  regions  uneffected  by  the  probe  remain  photo-darkened 

The  AIN  samples  utilized  in  this  study  were  prepared  with  either  a  Y2O3  sintering  aid.  which  produces 
AIN  with  Y-AI-0  as  a  second  phase  [23),  or  with  a  CaO  sintering  aid,  which  produces  AIN  containing 
no  second  phase  (f  9]  All  samples  studied  had  a  grain  size  i2iim  and  were  polished  on  both  sides  to 
a  0.3wm  finish. 

In  Figure  6  is  sftown  the  change  in  the  probe  transmission  due  to  UV  irradiation  (AT)  normalized  by  the 
probe  transmission  before  irradiation  (AT/T),  as  a  function  of  AIN  oxygen  content  Also  shown  in  this 
figure  IS  the  change  in  the  AIN  unit  cell  volume  as  a  function  of  oxygen  concentration.  Note  that  as  the 
AIN  unit  cell  volume  contracts  (indicating  formation  of  aluminum  vacancies)  the  magnitude  of  the 
induced  absorption  effect  increases:  and  as  the  unit  cell  re-expands  (indicating  annihilation  of 
aluminum  vacancies),  AT/T  decreases.  In  Figure  7  is  shown  aT/T  versus  specimen  thickness  lor 
samples  with  two  different  oxygen  contents  Note  that  in  both  cases  there  is  a  significant  decrease  in 
AT/T  as  the  samples  are  thinned.  Also  notice  from  this  figure  that  to  obtain  a  fixed  value  of  AT/T, 
thicker  samples  are  required  as  the  oxygen  corrtent  is  decreased 

DISCUSSION-  A  MODEL  FOR  PHOTO-EXCITATION  OF  ALN  CERAMICS 

The  specific  experimental  findings  briefly  outlined  in  Section  II  may  be  generalized  into  a  few  key 
observations  concerning  photo-induced  absorption  in  AIN  ceramics.  First,  and  most  important,  as  is 
evident  from  Figure  6,  the  size  of  the  photo-induced  absoqjtion  etfect  scales  with  the  concentration  of 
the  region  I  delect  (V^|  +  O^j)  This  result  provides  direct  evidence  that  this  is  the  defect  complex 
responsible  for  the  observed  photo-induced  effects  Also,  as  is  evident  from  the  sample  thickness 
dependence  shown  in  Figure  7,  for  a  sample  wifh  a  fixed  conceniration  of  this  detect,  the  magnitude  of 
AT/T  depends  on  the  number  of  V^i+O^  centers  excited  by  the  pump  Thus  as  the  thickness  of  the 
sample  (I)  falls  below  the  pump  absorption  length  a’^(pump)  (l<a'’(pump)),  the  number  of  excited 
centers  decreases  and  a  corresponding  decrease  in  aT/T  is  obsen/ed.  In  addition,  the  different  value 
of  aT/T  for  given  specimen  thicknesses  tor  samples  with  different  oxygen  concentration  (and  thus 
different  concentrations  of  Vy^|  and  Oj^)  indicate  the  pump  absorption  length  o'^(pump)  is  proportional 
to  the  conceniration  of  V^|,  Ofj. 

Utilizing  these  results,  the  following  model  is  consloicted  lor  pholo-excitation  of  AIN  ceramics.  In  the 
unexcited  material,  the  delects  Ofg.  V^|  are  charged,  as  has  been  shown  by  Harris  et  al.  from 
considerations  of  thermal  conductivity  [1]  Upon  UV  irradiation,  carriers  are  excited  directly  from  band 
states  and  trapped  at  these  (locallized)  charged  sites  (which  are  consequently  partially  or  totally 
neutralized)  This  creates  a  (metastable)  energy  level  within  the  AIN  bandgap,  as  shown  schematically 
in  Figure  8.  The  direct  population  of  this  level  by  the  pump  beam  explains  the  dependence  of  the 
pump  absorption  on  the  concentration  of  0|nj,  Vy^|  in  a  given  sample  Photons  from  the  probe  beam 
then  de-trap  these  carriers,  elevating  them  to  extended  states  where  radiative  recombination 
processes  may  occur.  Thus  after  exposure  to  the  probe,  the  Ofj  and  V^|  centers  are  returned  to  their 
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Fioufe  7:  Dependence  of  induced  absorption  aT/T  on  sample  thickness  I  tor  two  different  oxygen 
concentrations,  0.60  and  0,51  at.%. 


Figure  8:  Schematic  energy  level  diagram  showning  UV  pump  induced  population  ot  trap  centers 
located  at  O^,  V^|  delects,  and  visible  probe  de  population  of  these  centers. 


original  charged  state  and  the  metastable  energy  level  created  by  the  pump  is  annihilated.  This 
explains  the  observed  photo-bleaching  eftect  induced  by  the  probe  beam 

Utilizing  the  thickness  dependence  ot  AT/T  shown  in  Figure  7,  an  approximate  value  for  a'^(pump) 
can  be  estimated  (for  a  sample  with  an  oxygen  concentration  of  0.51  at.%  )  Using  this  value,  an 
absorption  cross-section  for  a  probe  photon  with  a  wavelength  of  441nm  is  estimated  to  be 
approximately  2.5  x  10'^^  cm^.  The  large  magnitude  of  this  cross-section  indicates  a  very  strong 
coupling  between  the  incident  probe  radiation  and  photo-excited  carriers  trapped  at  the  (0|y|  -r  V^^j) 
complex. 

CONCLUSIONS 

This  paper  presents  the  results  of  photo-induced  absorption  measurements  performed  on  AIN  ceramic 
samples  The  results  of  these  experiments  indicate  that  the  defect  responsible  tor  the  pronounced  UV- 
induced  absorption  (and  hence  photo-darkening)  of  this  material  is  a  substitutional  impurity, 
specifically  oxygen  residing  on  the  nitrogen  sub-lattice,  in  combination  with  an  aluminum  vacancy  In 
the  model  presented  here,  absorbed  UV  radiation  causes  a  transition  directly  from  the  ground  state  to 
a  trapped  state  at  the  (charged)  defect,  producing  a  meta-stable  energy  level  in  the  AIN  bandgap. 
Upon  absorption  of  the  probe  beam,  this  carrier  is  de-trapped  and  elevated  to  extended  states  where 
radiative  recombination  occurs.  Thus  the  probe  beam  annihilates  the  meta-stable  energy  level  created 
by  the  pump.  This  model  explains  a  number  of  diverse  experimental  findings,  including  the 
dependence  of  AT,'T  on  AIN  oxygen  content,  the  dependence  of  AT/T  on  sample  thickness  and  the 
obsen/ed  photo-bleaching  effect  of  the  probe  beam 
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ABSTRACT 

Gallium  Nitride  films  were  grown  on  ( 1 1 1 )  Gallium  Arsenide  .substrates  using  reactive 
rf  magnetron  sputtering.  Despite  a  20%  lattice  mismatch  and  different  crystal  siructure.  w  urlzite 
GaN  films  grew  epitaxially  in  basal  orientation  on  (111)  GaAs  substrates.  Heteroepitaxy  was 
observed  for  growth  temperatures  between  .S.‘i0-600'’C.  X-ray  diffraction  patterns  revealed 
(0002)  GaN  peak  with  a  full-width-half-maximum  (FWHM)  as  narrow  as  0.17".  Po.ssible 
surface  reconstructions  to  e.xplain  the  epitaxial  growth  are  pre.senied. 

INTRODl CTION 

Gallium  Nitride  is  a  direct  wide  bandgap  semiconductor  (.^  4  eV)  having  potential 
applications  for  stimulated  emission  in  the  blue,  violet,  and  ultra-violet  spectral  range. 
Development  of  GaN  devices  have  been  limited  by  problems  in  obtaining  p-type  conduction  and 
convenient  substrates  for  epitaxial  growth.  Recent  reports  of  p-iype  conduction  |1.2|  in  Mg 
doped  samples  show  promise  in  this  area.  As  seen  in  Table  I,  there  are  no  readily  available 
substrates  that  are  lattice  matched  to  GaN  in  both  lattice  parameter  and  thermal  expansion 
coefficient.  Sapphire  has  been  frequently  used  despite  a  lb'<  lattice  mismatch.  Attempts  on 
other  substrates  include;  silicon  l.''.4|.  gallium  arsenide  1.7..‘'.(i.7|.  gallium  phosphide  |.i|.  and 
silicon  carbide  IS).  Aluminum  nitride  has  been  used  effectively  as  a  thin-film  buffer  layer  on 
sapphire  for  improved  GaN  growth  |9).  Table  I  summari/es  the  material  data  for  GaN  and 
various  substrates.  The  lattice  parameters  for  the  cubic  crystals  are  given  as  the  effective 
spacing  in  the  (111)  plane  corresponding  to  "a"  in  the  wurt/ite  system  for  easier  comparison. 


Table  1.  Lattice  parameters  and  thermal  expansion  crx'fficienis  of  various  substrates. 
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Despite  the  lartte  mismatch,  GaAs  is  desirable  due  to  its  wide  acceptance  in  the 
electrooptic  industry.  Few  researchers  have  used  GaAs  as  a  substrate  for  GaN  growth  possibly 
because  early  comparisons  showed  sapphire  to  pioduce  smoother  and  more  oriented  GaN  films 
Recently,  the  electrical  properties  of  cubic  GaN  in  a  S-I-S  structure  on  (100)  GaAs  grown 
by  modified  molecular  beam  epiia.sy  has  been  reported  |I0|.  Concurrent  work  in  Japan, 
involving  the  growth  of  GaN  on  ( 1 1 1 )  GaAs  by  MBE  has  also  shown  wurtzite  GaN  on  ( 1 1  I ) 
GaAs  |6).  however,  our  material  appears  to  have  narrower  (0002)  GaN  x-ray  diffraction  peaks. 
GaN  is  typically  grown  by  chemical  vapor  deposition  (CVD)  or  modified  molecular  beam 
epitaxy  (.MMBE),  Sputter  deposition  has  produced  highly  resistive  GaN  films  in  the  past  1 1 1 1. 
and  although  it  is  perhaps  not  suitable  for  the  growth  of  minority  carrier  electronic  devices, 
sputter  deposition  can  be  a  viable  method  for  the  study  of  GaN  growth  kinetics  and  rudimentary 
GaN  devices.  In  this  paper,  we  repon  the  growth  of  highly  oriented  wunzite  GaN  films  on  the 
(111)  face  of  GaAs.  Little  strain  is  observed,  but  crystalline  growth  is  a  sensitive  function  of 
temperature.  The  growth  conditions  and  possible  explanations  for  the  hcleroepiia.xv  are 
detailed.  This  is  the  first  report  of  crystalline  wurtzite  GaN  vm  (111)  GaAs  by  sputter  deposition 
technit|ues. 

EXPERIF.MNTAI.  PROCF.Dl'RF. 

The  GaN  films  were  deposited  using  an  IIS  Gun-11  2  inch  modular  source.  The  target 
was  pure  gallium  (9‘). 9d<)>)h9fi ).  held  in  a  stainless  steel  cup.  The  Ga.As  substrates  were 
degreased  and  etched  before  deposition  in  a  <11 1>  directional  etch  of  1  Ihl):  H2SO4:  I 
HaOi  at  6.‘'"C  for  2  minutes.  The  substrates  were  then  rinsed  with  alcohol  anti  tiried  Ix-fore 
entering  the  chamber.  The  chamber  was  evacuated  to  less  than  lO'^Torr,  and  then  backfilled 
with  a  mixture  of  Na  and  Ar  gas  to  2,s  niTorr.  The  substrates  were  healed  to  .‘i()()-7(i()"(;  as 
measured  by  a  thermocouple  clamped  on  the  surface  of  the  heating  block.  As  soon  as  the 
discharge  was  igniietl.  the  Ga  target  liquified  and  slowly  formed  a  nitritled  crust.  EM  sources 
were  used  to  deliver  1 10  watts  of  rf  ( I  .L.‘'6  MUzi  power  to  the  2  inch  target.  I  hc  growth  rale 
was  mcasurctl  by  a  quartz-crystal  oscillator  calibrated  with  a  stylus  profilomeicr.  (.irowth  rates 
ranged  from  1-,'i  A/s.  Alter  deposition,  the  substrates  were  cooled  to  2(K)"('  in  IIK)';  nitrogen 
atmosphere  at  .f(l  iiiTorr.  The  choice  of  deposition  parameters  for  epitaxial  growth  was  pairly 
determined  from  our  earlier  work  on  sapphire  substrates  |I2.I.J|.  Higher  partial  pressures  ol 
nitrogen  (2.“)  mTorn  were  needed  to  crystallize  GaN  on  (III  iGa.As  compared  to  the  sapphire 
subsirtttes.  However,  similar  nitrogen  flow  rates  1 2(M)  seem)  and  N'ri.Ar  ratios  1 7:.' )  were  used 

RFSIH  TS  AM)  l)IS(  I  SSION 

I  hc  GaN  film's  crystal  orientation  was  analyzed  using  a  .Siemens  \  ray  tliffractomcler 
(CuKr/-.  A=0  1,54  nm).  For  icmperalures  below  .5511  "c  only  mixed  phases  of  GaN  were 
ohiamcti  (Figure  lai  In  this  lcni|vraiurc  range.  Ihc  films  were  cliaractci  ized  b\  rough  sun, ices 
with  numerous  defects  as  seen  in  Figure  lb.  For  growth  tcnipcralures  between  5.s|l  olio 
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f-igure  1(a)  X-ray  diffraction  pattern  of  GaN  film  grown  at  525'’G;  and  (h)  the  surface  ol  the 
film  characterized  with  many  defects. 

highly  oriented  basal  plane  GaN  was  achieved  with  much  smoother  surface  morphology. 
Figures  2a  and  2b  show  the  x-ray  pattern  and  the  surface  morphology  of  a  200  nm  film  grown 
at  .“iXO  "C,  The  FWHM  of  the  ((KK)2)  peak  is  (t.  17".  The  peak  is  located  at  20=.M.b07'’  which 
corresponds  to  a  d  spacing  of  2. 58')  A.  The  measured  ((K)02)  plane  spacing  is  therefore  5. 17S 
A.  which  agrees  well  with  the  theoretical  value  of  .5.  IX2A.  IX’spite  the  large  lattice  mismatch, 
the  ((KK)2)  planes  do  not  appear  appreciably  strained.  We  did  not  observe  any  critical  thickness 
phenomen.  For  films  grown  under  similar  conditions,  no  variation  in  peak  location  or  width 
was  measured  for  film  thicknesses  ranging  from  0.05  -  2  pm. 

For  substrate  temperatures  greater  than  620‘'C  the  x-ray  diffraction  peaks  vanishetl  and 
many  films  ilelaminated  from  the  GaAs  substrates.  W'e  found  the  delamination  couKI  be 
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Figure  2(a)  X-ray  diffracttion  pattern  of  GaN  film  grown  at  580“C:  and  (b)  the  smoother 
surface  morphology  of  this  film. 

minimized  and  in  some  cases  eliminated  if  the  films  were  cooled  down  slowly  from  the  growth 
temperature  (~100'’/hr).  Also,  no  appreciable  GaN  x-ray  peaks  were  observed  at  pressures 
below  20  mTorr.  To  ensure  the  x-ray  diffraction  peak  at  20=.^4.6()7"  is  indeed  the  (0(K)2) 
wurtzite  phase  of  GaN  and  not  .strained  cubic  GaN  growing  in  the  (III)  direction,  reflection 
electron  diffraction  (RED)  was  employed.  With  the  beam  incident  on  the  (1 120)  plane,  only 
spots  in  vertical  rows  were  visible  as  predicted  by  theory.  Carrier  concentrations  for  these  GaN 
films  were  all  n-type  and  greater  than  2  x  10'**  cm  ’. 

We  believe  the  reason  highly  oriented  wurtzite  GaN  was  obtained  on  ( 1 1 1 )  GaAs  can  be 
explained  by  examining  the  2-D  interface.  Figure  .ta  shows  the  wurtzite  and  zinc -blende  crystal 
structures  with  the  <0(X)2>  and  <lll>  directions  aligned.  The  only  difference  between  the 
wurtzite  and  zinc-blende  .structures  in  these  directions  is  the  stacking  order  of  the  layers  The 
(111)  GaAs  face  has  the  identical  bond  termination  as  the  GaN  basal  plane  sub.strale  would. 
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The  atomic  spacing  is  the  only  difference  between  the  (0002)  GaN  and  (111)  GaAs  planes. 
These  similarities  were  the  reason  the  ( 1 1 1 )  face  of  GaAs  was  chosen  over  other  orientations. 
Heteroepitaxy  on  laige  mismatcn  systems  ha.>  been  achieved  on  other  material  systems  when  the 
number  of  broken  bonds  is  minimized  and  the  2-D  interface  lattices  have  a  common  superlattice 
1 14,  l.'i,  16|.  The  likelihood  of  epitaxy  increases  with  the  number  of  coincident  sites.  As  seen  in 
Figure  .3b,  the  (0002)  GaN  and  (111)  GaAs  planes  are  overlapped.  The  larger  unit  cell  drawn 
has  a  considerably  smaller  mismatch  (4% )  between  the  two  materials  at  room  temperature. 


Figure  .3(a)  Wurtzite  and  zinc-blende  crystal  structures  oriented  w  ith  the  basal  plane  and  (111) 
directions  aligned;  and  (b)  Overlap  of  the  (1 1  DGaAsand  (0002)  GaN  planes.  The  larger  unit 
cell  repre.sents  a  4%  mismatch. 


CONCLUSIONS 

In  summary,  hexagonal  GaN  has  been  grown  epitaxially  in  the  basal  orientation  on  the 
(111)  face  of  GaAs  using  rf  reactive  sputter  deposition.  Phase  identification  is  verified  with  x- 
ray  diffraction  and  RED  measurements.  A  narrow  temperature  regime  (.‘i.S0-600‘'C)  is  defined 
which  produces  highly  oriented  films  with  smooth  surface  morphologies.  The  differences  in 
the  .3-D  crytstal  structures  appear  to  be  less  important  than  the  similarities  of  the  2-D  interface 
for  the  (0{K)2)GaN7(  111)  GaAs  system. 
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ABSTRACT 

AIN  films  were  grown  on  the  (100)  plane  of  3C-SiC/Si  and  the  (0001)  plane  of 
■AljOj  substrates  by  metalorganic  chemical  vapor  deposition  (MOCVD)  using 
trimethylaluminum  (TMA)  and  ammonia  (NH3)  as  the  precursors.  The  deposited  films 
were  characterized  by  X-ray  diffraction  (XRD)  and  a  Read  thin  film  camera.  At  1150°C. 
preferentially  oriented  polycrystalline  AIN  films  were  obtained  m  both  substrates  and  the 
crystal  structure  was  wurtzite.  The  epitaxial  relations  were  ( 1010)AlN//(  100)SiC//(100),Si 
and  (OOOl)AIN//  (OOOlfAljOj.  The  attempt  to  grow  cubic  AIN  on  3C-SiC/Si  was  not 
successful. 


I.  INTRODUCTION 

Aluminum  nitride  (AIN)  is  a  wide  band  gap  (Eg=6,2  eV),  III-V  semiconductor 
rarely  studied  in  single  crystal  form.  It  is  a  highly  refractory  ceramic  which  has  potential 
applications  as  a  substrate  material  in  high  performance  (high  power,  high  temperature, 
high  speed,  and  high  density)  devices  because  of  its  unique  properties.  Among  these 
properties  are  excellent  thermal  conductivity,  thermal  expansion  coefficient  matching  that 
of  Si,  good  electrical  insulation  characteristics  and  nontoxic  nature.'-^  The  difficulties 
associated  with  producing  single  crystal  AIN  are  responsible  for  the  limited  exploration  of 
its  applications  in  crystalline  form.  The  demonstrated  applications  include  its  use  as  an 
electrical  insulator  and  circuit  passivation  in  GaAs-based  electronic  devices.^'*  and  in 
forming  alloys  with  gallium  nitride  (GaN)  to  produce  blue  and  ultraviolet  light  emitting 
diodes  (LEDs)  and  lasers. * 

AIN  films  have  been  grown  by  various  techniques  such  as  MOCVD,^'*" 
sputtering'*  and  molecular  beam  epitaxy  (MBE).'*  The  most  successful  epitaxy  to  date 
was  on  sapphire  (Al^O,)  substrates.  Because  of  the  large  lattice  mismatch  (13.2‘"c) 
between  AIN  and  Al^Oj,  the  deposited  films,  though  single  crystal  in  nature,  contain  a 
large  number  of  crystal  defects  which  degrade  their  properties. 

Recently,  two  types  of  silicon  carbide  (SiC)  have  become  available;  the  cubic 
polytype  epitaxially  deposited  on  silicon  substrates  (3C-SiC/Si)  and  bulk  crystals  of  the 
hexagonal  poiytype  (6H-SiC).  The  lattice  mismatch  between  AIN  (commonly  in  the 
wurtzite  structure)  and  6H-SiC  is  less  than  1%  as  would  be  the  mismatch  between  cubic 
AIN  (should  it  exist)  and  cubic  SiC.'  ’’  Therefore,  SiC  would  be  a  superior  substrate  for 
AIN  epitaxy.  MBE  of  GaN  on  both  SiC  substrates  (with  a  lattice  mismatch  less  than  4%) 
has  shown  an  improvement  in  crystal  quality  over  that  of  GaN  grown  on  AI  .O,  substrate 
(with  a  lattice  mismatch  of  16.1%).'  *  Furthermore,  GaN  grown  on  cubic  SiC  also  exhibits 
the  cubic  structure.'®’'^  Based  on  this  information,  this  work  was  dedicated  to  depositing 
AIN  on  3C-SiC/Si,  as  well  as  on  Al  .Oj  substrates,  with  the  goal  of  producing  cubic  AIN 
on  3C-SiC/Si  substrates.  Potential  applications  of  epitaxial  AIN  on  SiC  include  its  use  as  a 
substrate  for  GaN  epitaxy,  or  as  an  alternative  insulator  (to  SiO^ )  for  SiC  based  devices. 
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II.  EXPERIMENTAL 

AIN  was  deposited  in  a  standard  atmospheric  MOCVD  system  using 
trimethylaluminum  (TMA)  and  ammonia  (NH3)  as  the  source  precursors.  The 
water-cooled  quartz  reactor  was  50  mm  in  diameter,  and  in  a  horizontal  configuration. 
TMA  and  NH3,  carried  by  Pd-cell  purified  hydrogen  (H,),  were  separately  introduced 
into  the  reactor  to  avoid  the  room-temperature  predeposition  reaction.^  The  distance 
between  the  TMA  delivering  tube  and  the  susceptor  was  10  cm.  The  susceptor  was  a 
graphite  electric  heater,  60  mm  long  x  40  mm  wide  x  1  mm  thick,  coated  with  boron 
nitride.  The  temperature  of  substrate  was  monitored  by  a  type  S  thermocouple  attached 
underneath  the  susceptor,  and  further  calibrated  by  an  optical  pyrometer  to  account  for 
the  temperature  gradient  in  the  thickness  of  th-  susceptor. 

The  .^C-SiC/Si  substrates  were  provided  by  NASA  Lewis  Research  Center  in 
Cleveland,  Ohio.  The  epitaxial  SiC  layers  were  deposited  on  Si(lOO)  with  a  two-step  CVD 
process  at  1350°C  for  two  minutes,  and  the  resulting  thickness  was  about  1500  A.^“  The 
orientation  relationship  is  {100)3C-SiC//(I00)Si.  The  AljOjlOOOl)  substrate  was  a  bulk 
crystal  wafer  20  mm  in  diameter.  In  the  present  work,  both  3C-SiC/Si  and  Al^Oj 
substrates  were  cleaned  by  a  sequence  of  trichloroethylene,  acetone,  methanol,  and 
deionized  water,  followed  by  a  49%  HE  etching.  An  additional  pregrowth  etching  was 
applied  in  a  carrier  gas  at  I  I00°C  for  15  min  to  remove  any  trace  of  contaminants  and 
produce  a  surface  suitable  for  epitaxy.  AIN  was  grown  at  1150‘C  with  a  high  flow  rale 
(1500  seem  NHj,  15  seem  Hj  through  TMA  bubbler,  and  4000  seem  baek-up  H^).  The 
resulting  growth  rate  of  AIN  was  0.4  pin/hr  for  3C-SiC/Si  and  0.8  pm/hr  for  Al^Oj,  as 
determined  by  examining  the  mass  ehanges  of  each  sample  after  deposition.  The 
crystallinity  of  the  grown  films  were  characterized  by  X-ray  diffraction  (XRD)  with  Cu-Ka 
radiation,  and  a  Read  thin  film  camera. 


HI.  RESULTS  AND  DISCUSSION 

The  X-ray  diffraction  patterns  of  both  AIN/.3C-SiC/Si  and  AIN/Al^Oj  samples  are 
shown  in  Figure  1.  The  thickness  of  the  AIN  layer  in  these  samples  were  about  0.3  M'h  atid 
0.6  pm,  respectively.  As  shown  in  Figure  1.  only  a  single  Bragg  peak  from  AIN  was 
detected  in  both  cases,  indicating  that  the  AIN  films  were  well  orient£d.  The  peak 
(20  =  33.0°)  appearing  in  the  AlN/3C-SiC/Si  sample  corresponds  to  (1010)  diffraction 

(u)  (b) 


Figure  1.  X-ray  diffraction  patterns  for  (a)  AIN/3C  SiC/Si  and  (b)  AIN/ALO, 
samples  deposited  at  IISO'  C.  The  thickness  of  AIN  layers  were  about  0.3  pm  and 
0.6  pm.  respectively.  The  Si  diffraction  (Kak  at  20  =  69.2  is  not  shown  in  (a). 


from  AIN,  while  the  peak  (26  =  36.1°)  appearing  in  the  AlN/Al^Oj  sample  is  due  to 
(0002)  diffraction  from  A1N.^‘  These  results  indicate  that  wurtzite  AIN  was  grown  on 
3C-SiC/Si  with  the  c-axis  perpendicular  to  the  growth  direction.  An  identical  orientation 
relation  was  also  reported  previously  in  AIN  on  Si(lOO).^^  In  contrast,  AIN  grown  on 
AljOj  was  oriented  with  the  c-axis  parallel  to  the  growth  direction,  a  common 
observation  in  literature.''  ^ 

The  crystallinity  of  the  grown  AIN  films  on  both  substrates  was  further  investigated 
by  a  Read  thin  film  camera,  which  is  basically  a  modified  Debye-Scherrer  camera  with  the 
substrate  tilting  at  an  angle  to  the  incident  X-ray  beam.  With  an  angle  of  17°and  an 
exposure  time  of  5  hours,  the  diffraction  patterns  shown  in  Figures  2  and  3  were  obtained. 
Because  the  deposited  layers  were  very  thin,  the  intensities  from  the  films  were  very  weak. 
Figure  2(a)  is  the  Read  pattern  for  a  single  crystal  Si(lCX))  sample  without  any  epilayer. 
Each  spot  on  the  photograph  is  generated  by  the  constructive  diffraction  of  a  particular 
family  of  lattice  planes.  Figure  2(b)  reveals  some  extra  spots,  generated  by  the  SiC  layer 


Figure  2.  Read  camera  patterns  for  (a)  Si,  (b)  .3C-SiC/Si,  (c)  AlN/3C-SiC/Si,  and  (d) 
AIN/Si  samples.  AIN  films  were  deposited  at  l!50°C  for  (c)  and  4.‘>0°C  for  (d).  The 
tilting  angle  was  17°  and  the  exposure  time  was  5  hours  for  these  photographs. 
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on  Si  substrate,  in  the  bottom  region  of  the  photograph.  Figure  2(c)  is  the  Read  pattern 
from  the  same  AIN/3C-SiC/Si  sample  in  Figure  1(a).  More  spots  with  streak  pattern 
appear  in  the  bottom  region.  These  segmented  spots  suggest  the  AIN  layer  was 
preferentially  oriented  polycrystalline  film.  If  a  randomly  oriented  polycrystalline  film 
were  obtained,  one  would  expect  seeing  rings  in  the  Read  pattern.  Figure  2(d)  gives  an 
example  of  randomly  oriented  polycrystalline  AIN  film,  grown  at  450°C,  on  Si(lOO) 
substrates.  As  shown  in  this  photograph,  several  concentric  rings  are  visible,  which  reveals 
the  randomly  oriented  polycrystalline  nature  of  this  film. 

Figure  3(a)  and  3(b)  reveal  the  difference  of  the  Read  patterns  before  and  after 
deposition  of  AIN  on  Al^Oj  substrate.  Again  using  the  same  sample  in  Figure  1(b),  some 
extra  segmented  spots  can  be  easily  seen  in  the  bottom  of  Figure  3(b),  suggesting  the 
preferentially  oriented  nature  of  the  AIN  film  on  the  Al^Oj  substrate.  Comparing  the 
Read  patterns.  Figure  2(c)  and  3(b),  for  the  AIN  films  on  both  substrates,  we  can  roughly 
estimate  the  crystal  quality  of  AIN  film  on  Al^Oj  is  superior  to  that  on  3C-SiC/Si 
substrate  since  Figure  2(c)  reveals  a  longer  streak  pattern  for  the  extra  spots  from  AIN 
film.  This  is  not  surprising  anyway,  because  as  a  substrate  for  wurtzite  AIN  epitaxy. 
3C-SiC  does  not  offer  any  advantage.  The  lattice  mismatch  between  wunzite  AIN  and 
3C-Sir  is  28.6%,  much  bigger  than  13.2%  for  AIN  and  Al^Oj.  At  this  stage,  we  arc 
unable  to  identify  the  types  and  densities  of  the  structure  defects  in  these  samples.  Also, 
more  research  is  needed  to  characterize  the  electrical  properties  of  AIN  film  on  3C-SiC 
substrate. 


Figure  3.  Read  camera  patterns  for  (a)  Al.^Oj  and  (b)  AlN/Al^Oj  samples.  The 
AIN  film  was  deposited  at  11.‘>0‘'C.  The  tilting  angle  was  17°  and  the  exposure  time 
was hours  for  these  photographs. 


IV.  CONCLUSIONS 

Fpitaxial  AIN  films  were  grown  on  both  3C-SiC/Si  and  Al^O,  substrates  at  ll.‘iO°C 
in  a  horizontal  MOCVD  reactor  using  TMA  and  NH,  as  the  precursors.  AIN  grown  on 
3C-SiC/Si  reveals  the  wurtzite  structure,  as  does  the  AIN  on  AUO,,  The  epitaxial 
relations  are  ( 10T0)AlN//(  100).SiC//(  100)Si  and  (000 1  )A1N//(()0()1  )A1  O^  .  The 
crystallinity  of  the  AIN  films  were  examined  by  a  Read  thin  film  camera  and  the  result 


showed  preferentially  oriented  ploycrystallinc  AIN  films  were  obtained  on  both  substrates. 
More  research  is  needed  to  characterize  the  crystal  defects  as  well  as  the  properties  in 
these  fdms. 
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ABSTRACT 


Thin  films  of  aluminum  nitride  were  grown  epitaxially  on  Si(lll)  by  ultra- 
high-vacuum  dc  magnetron  reactive  sputter  deposition.  Epitaxy  was  achieved  at  substrate 
temperatures  of  600°  C  or  above.  We  report  results  of  film  characterization  by  x-ray  diffrac¬ 
tion,  transmission  electron  microscopy,  and  Raman  scattering. 

INTRODUCTION 

Heteroepitaxial  growth  of  aluminum  nitride  (-41N)  thin  films  has  potential 
applications  in  diverse  areas  such  as  surface  acoustic  wave  devices[l|,  electronic  device 
thermal  management (2),  and  substrate  for  growth  of  other  refractory  metal  nitridesiSi. 
Epitaxial  growth  of  AIN  on  Si(lll)  substrates  was  achieved  by  chemical  vapor  deposition  at 
~1200°C[4j  and  by  reactive  sputter  deposition  at  ~1000°Ci5j.  We  recently  demonstrated 
that  epitaxial  growth  of  AIN  can  occur  on  Si(lll)  at  600°C  or  above  by  reactive  sputter 
deposition  under  ultra- high- vacuum  (UHV)  conditions[6].  Here  we  report  results  of  film 
characterization.  Film-substrate  orientational  relationship  and  crystalline  quality  of  .41N 
films  were  examined  by  x-ray  diffraction,  transmission  electron  microscopy,  and  Raman 
scattering. 

EXPERIMENTAL 

Reactive  sputter  deposition  of  AIN  was  carried  out  in  an  UHV  chamber  with 
base  pressure  ~  2x10"’°  Torr[7j.  Si  substrates  were  chemically  cleaned  followed  by  heating 
under  UHV  conditions  to  ~850°C(8j.  Substrate  temperature  was  measured  by  an  optical 
pyrometer.  Growth  took  place  in  a  mixture  of  Ar  and  NziTj.  Growth  was  monitored  in-situ 
by  an  opticed  interference  technique(9].  After  growth,  films  were  examined  by  B-2B  x-ray 
diffraction  with  CuKa  radiation,  by  plan-view  and  cross-sectional  transmission  electron 
microscopy  (TEM),  and  by  Raman  scattering.  Raman  spectra  were  excited  by  an  argon 
ion  laser  (4880A)  with  an  output  of  50  mW  (line  focus,  power  density  ^  35  W/enri)  and 
collected  at  room  temperature. 

RESULTS  AND  DISCUSSION 

Results  of  6-2B  x-ray  diffraction  on  A1N/Si(lll)  films  are  summarized  in  fig. 
1.  Figs.  l(aj  and  1(b)  show  the  low  and  high  angle  diffraction  patterns  of  an  -AIN  film 
grown  at  800°C.  The  low  angle  pattern  shows  regularly  spaced  interference  peaks.  Peak 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  242.  1992  Materials  Research  Society 


positions  0m  B.ie  related  to  film  thickness  d  by, 

ain^0m  -sin^0o  =  (^)^(2m  +  1)^,  (1) 

4a 

where  6q  is  the  angle  of  total  reflection,  m  is  the  peak  order,  and  A  is  the  x-ray  wave- 
length[7j.  Least  squares  analysis  of  data  shown  in  fig.  1(a)  according  to  eq.  (1)  yields  an 
AIN  thickness  of  862A.  The  high  angle  pattern  shows  expected  Si  reflections  together  with 
AIN  (0002)  and  (0004)  reflections.  The  absence  of  other  AIN  reflections  indicate  complete 
film  texture  with  A1N[0001]//Si[lllj. 

Results  of  electron  diffraction  on  A1N/Si(lll)  films  are  summarized  in  fig.  2. 
Figs.  2(a)  and  2(b)  show  the  plan- view  and  cross-sectional  selected  area  diffraction  patterns 
(SADP),  together  with  indexing,  of  two  AIN  films  grown  at  700  and  800°C,  respectively. 
The  AIN  film  thicknesses  were  ~450A.  The  plan-view  SADP  was  taken  from  an  area  with 
overlapping  AIN  and  Si,  and  shows  simultaneously  the  Si[Hlj  and  .AlN[0001j  zone  axis 
patterns.  Fig.  2(a)  shows  epitaxy  of  AIN  on  Si  with  AlN[1120j//Si[li0],  in  agreement 
with  previous  reports[4].  The  cross-sectional  SADP  shows  simultaneously  the  Si  Ollj  and 
AlN[2iiO]  zone  axis  patterns.  The  orientational  relationship  of  A1N[0001]//Si;lllj  and 
AlN[0il0]//Si(211)  shown  in  fig.  2(b)  supports  the  information  shown  in  figs.  1(b)  and 
2(a).  Taken  together,  figs.  1  and  2  clearly  demonstrates  epitaxy  of  AIN  on  Si(lll).  Similar 
diffraction  patterns  were  obtained  from  AIN  films  grown  at  800  to  600°C. 

Both  the  in-plane  and  c-axis  lattice  parameters  of  AIN  were  measured  from 
data  shown  in  figs.  1  and  2.  Fig.  1  gives  c=4.968A  and  fig.  2  gives  a=3.104A.  Both 
measured  values  are  close  to  the  tabulated  bulk  values  of  c=4.975A  and  a=3.110Ail0', 
indicating  that  no  significant  strain  is  present  in  the  AIN  films.  Several  groups  of  double 
diffraction  spots  are  present  in  the  plan-view  SADP  shown  in  fig.  2(a).  The  strongest  group 
of  double  diffraction  spots  comes  from  Si{220}  and  A1N{1120}  planes  (smallest  A5);6,lli. 
Plan-view  high  resolution  micrographs,  taken  with  diffraction  condition  corresponding  to 
that  shown  in  fig.  2(a),  is  shown  in  fig.  3.  Fig.  2  shows  three  sets  of  parallel  Moire  fringes 
inclined  at  60°  to  one  another.  Detailed  examination  shows  threading  dislocations  in  the 
film,  whose  presence  is  revealed  by  extra  half  fringes[6j.  Dislocation  density  was  estimated 
to  be  ~  3  X  10“ /cm^.  By  counting  the  number  of  extra  half  fringes  in  three  directions, 
the  in-plane  component  of  the  Burgers  vector  can  be  determined  to  be  j  <  1120  >[6  . 
[oil]  cross-sectional  high  resolution  micrograph  of  the  A1N/Si(lll)  interface  shows  parallel 
lattice  fringes  of  (111)  Si  and  (0001)  AIN  extend  up  to  the  interface,  indicating  interface 
sharpness  and  the  absence  of  interfaciai  reaction[6j. 

While  growth  at  substrate  temperatures  of  600°C  or  above  resulted  in  epi¬ 
taxy,  polycrystalline  AIN  films  resulted  at  lower  growth  temperatures[6!.  Fig.  4(a)  shows 
a  plan-view  SADP  taken  from  an  AIN  film  grown  at  500°C,  taken  in  [0001]  orientation. 
ring  pattern  was  observed  which,  nevertheless,  showed  clear  evidence  of  a  remnant  single 
crystal  pattern.  Thus  considerable  in-plane  alignment  still  exists.  Figs.  4(b)  and  4(c) 
show  the  dark-field  micrograph  taken  with  the  remnant  (1010)  spot  and  the  bright-field 
micrograph,  respectively.  Fig.  4(b)  shows  randomly  distributed  grains,  100  to  200.4  in 
diameter,  with  similar  crystallographic  alignment. 


Fig.  3  (upper  U'ft).  Plan-view  high  resolution  niicrvigraph  of  t.vorlappiiig  AIN  aiul  Si.  calr 
}jar  lloA. 


Fig.  4  {upper  right).  Plan- view  TEM  exaniination  of  an  AIN  fihn  grown  on  Sillll)  at 
oOO  C:  (a)  SADP;  (h)  dark-field;  (c)  hriglit  field  iuicr<»graph. 
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Epitaxial  AIN  films  of  much  larger  thicknesses  were  also  grown.  Taking 
advantage  of  the  optical  transparency  of  AIN,  growth  of  AIN  film  was  monitored  in  real 
time  with  optical  interference  using  a  laser  beam.  Post  growth  examination  showed  single 
crystal  AIN  film  up  to  thicknesses  of  0.7/im[9].  This  thick  AIN  film  was  further  examined 
by  Raman  scattering.  The  Raman  spectrum  of  a  732  nm  AIN  film  grown  on  Si(lll)  at 
800°C  is  shown  in  fig.  5(a).  The  spectrum  shown  is  dominated  by  single  and  multi-phonon 
Si  features[12l.  The  broad  structures  from  200-470  cm“*  and  about  700  cm"^,  and  also 
the  small  peak  at  620  cm“\  are  due  to  multiphonon  scattering  from  the  Si  substrate.  The 
intense  line  at  522  cm"*  is  the  zone  center  Si  mode.  The  peak  at  654  cm"*  is  the  only 
structure  in  this  spectrum  attributed  to  AIN.  This  confirmed  by  taking  the  difference 
between  fig.  5(a)  and  the  spectrum  of  the  bare  Si  substrate.  The  difference  spectrum, 
shown  in  fig.  5(b),  shows  the  only  remaining  feature  due  to  scattering  of  the  AIN  film. 
For  the  spectra  shown  in  5,  the  light  was  incident  and  scattered  along  the  c-axis 
of  the  film  (the  film  growth  direction),  with  the  polarizations  of  the  the  incident  and 
scattered  light  parallel  {z(x,x)-z}.  Rotation  of  the  polarization  {z(x,y)-z}  yielded  a  similar 
spectrum.  AIN  is  known  to  have  three  Ramaii  allowed  symmetries,  Al,  El,  and  E2T3  . 
In  the  backscattering  geometry,  the  El  modes  are  silent,  and  the  E2  modes  arc  allowed 
for  both  parallel  and  perpendicular  polarizations,  the  Al  modes  should  be  allowed  for 
parallel  and  forbidden  for  perpendicular  polarizath  .>  .  1 1.  observed  mode  at  654  cm'*  is 
close  in  energy  to  the  E2  mode  (655  cm'*)  obser\.  f>v  j-:  an  et  al.  Hj.  This  mode  is 

quite  broad  17  cm'*  FWHM).  The  broad  wddlh  *  tu-  ■'>.  onon,  the  absence  of  modes 
associated  w'ith  Al  symmetry,  and  the  weak  nature  of  the  scattering  are  all  consistent  with 
the  high  defect  density  in  these  AIN  films. 

SUMMARY 


Characterization  of  AIN  films  grown  on  Si{lll)  by  UHV  reactive  sputter¬ 
ing  has  been  accomplished  by  x-ray  diffraction,  plan- view  and  rross-sectional  TEM,  and 
Raman  scattering.  In  addition  to  demonstrating  epitaxy  at  relatively  low  substrate  tem¬ 
peratures  (>  600®C),  the  epitaxial  AlN  films  were  shown  to  contain  a  high  density  of 
threading  dislocations.  Although  clear  Raman  scattering  signature  from  the  AIN  film  is 
obtained,  the  relatively  broad  Raman  peak  is  consistent  with  high  defect  density  in  the 
AIN  film. 
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ABSIRAC  ”1 

AIN  ceramics  were  plastically  deformed  using  uniaxial  compression  under 
hydrostatic  pressure  between  room  temperature  (RT)  and  800°C.  Deformation 
microstructures  have  been  studied  by  Transmission  Electron  Microscopy  (TEM) 
using  the  weak  beam  technique.  The  deformation  substructure  at  RT  is 
characterized  by  perfect  glide  loops  with  1/3<I120>  Burgers  vector  in  (0001) 
elongated  in  the  screw  direction.  When  deformation  temperature  increases,  the 
screw  character  is  associated  to  cross  slip  events  and  dislocation  dipoles  _are 
found.  In  the  investigated  temperature  range,  slip  of  dislocations  with  1/3<1 120> 
Burgers  vector  is  also  evidenced  on  prismatic  planes.  Weak  beam  observations 
failed  to  evidence  any  dislocation  splitting.  Some  of  these  dislocation  properties, 
similar  to  those  of  Ill-V  compound  semiconductors,  suggest  that  electronic  doping 
effects  could  be  used  to  control  plastic  behaviour  of  covalent  ceramics. 


IMRODIT  HON 

AIN  is  a  ni-V  compound  semiconductor  with  a  wide  band-gap  (6eV)  which 
crystallizes  in  the  (21-1)  wurtzite  structure.  AIN  is  a  prime  candidate  for  VLSI 
devices  substrates  since  it  exhibits  excellent  thermal  conductivity,  good  electrical 
insulation  characteristics,  and  a  coefficient  of  thermal  expansion  matching  closely 
that  of  silicon  in  the  temperature  range  293-473K  \  1,21.  This  is  also  a  ceramic  for 
structural  applications  at  high  temperature  in  inert  atmosphere,  and  as  hard 
coating  of  aluminum  obtained  by  ion  implantation  13|.  Furthermore,  it  is  a  model 
material  to  investigate  if  the  dislocation  properties  found  in  III-V  compounds  are 
also  relevant  to  wide  band-gap  covalent  ceramics. 

Plastic  deformation  studies  of  AIN  were  previously  investigated  with  the 
aim  to  obtain  a  better  densification  of  the  ceramic  material.  Tests  conducted  at 
high  pressure  14|,  compaction  by  explosives  (see  for  example  15,61)  have 
demonstrated  that  dislocations  are  activated.  Preliminary  results  have  been 
reported  also  on  the  fine  structure  of  dislocations  after  deformation  at  RT  171. 

In  this  context  a  study  of  the  plastic  deformation  of  AIN.  in  a  low 
temperature  range  (RT  800°C),  has  been  undertaken.  This  paper  focuses  on  the 
disliK'ation  substructures,  studied  by  TEM,  obtained  in  deformed  samples. 


EXI'I  RIMEM  \l. 

■Sintered  AIN  samples  were  obtained  from  f'eramiques  'Fechniques 
Desmarquet  (Trappes,  France).  C’oncentrations  of  used  as  a  sintering 

additive,  ranged  from  1%  to  20%  of  the  total  starting  powders.  Results  presented 
in  this  paper  are  concerned  with  two  concentrations  :  NA3-19  (1%Y20^)  and 
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NA16-1  (20%Y203)-  Samples  were  sintered  one  hour  at  1700°C.  These  samples 
have  been  characterized  at  the  TEM  level  before  deformation  ;  defects  found  in 
sintered  AIN  grains  consist  of  extended  defects  and  dislocations  |8,9|. 

Plastic  deformation  of  AIN  was  achieved  in  a  Griggs  apparatus  ]  10)  set  up 
in  an  Instron  frame  which  allows  to  deform  brittle  solids.  Deformation  tests  have 
been  conducted  on  AIN  from  RT  up  to  800°C  under  a  confining  pressure  ranging 
between  0.7  to  1  GPa  at  a  strain  rate  e  =  2.10"^  s'^.  up  to  permanent  strains  of  1 
to  2%. 

Slices  were  cut  from  the  deformed  samples  and  mechanically  polished  down 
to  80  pm.  Electron  beam  transparency  was  obtained  by  ion  thinning.  Thin  foils 
were  observed  in  a  JEOL  200  CX  electron  microscope  operating  at  200  kV.  after 
evaporating  a  carbon  coating  in  order  to  suppress  the  build  up  of  charges  under 
the  electron  beam. 


RESlil.TS 

Dislocation  microstructures  after  RT  deformation 

Most  of  the  results  on  the  microstructure  of  the  NA3-19  ( 1  %Y203)  sample 
has  Jteen  reported  in  a  previous  paper  17|.  The  three  possible  Burgers  vectors 
<1 120>  of  the  basal  plane  were  observed,  together  with  a  strong  screw  character 
of  the  glide  loops.  Additional  observations  have  been  conducted  in  NA16-1 
(20%Y203)  where  prismatic  glide  is  also  observed.  Perfect  dislocations  of  figure 
1  lie  in  the  (T  100)  plane.  The  full  glide  loop  is  elongated  in  the  screw  direction 
(Burgers  vector  1/3[TT20|),  showing,  as  well  as  in  the  basal  plane,  a  strong 
asymetry  of  dislocation  mobility  in  the  prismatic  plane.  Observations  using  the 
weak  beam  technique  fail  to  resolve  any  dissociation  of  the  dislocations  in  the  two 
types  of  sample  and  the  two  different  glide  planes. 


Figure  1.  RT  deformation  (NA16-1). 
Glid_e_  loops  in  the  prismatic  plane 
1/3|7 r20|( T 100).  Note  the  elongation 
of  the  loops  along  the  screw 
direction.  Weak  beam  conditions  ■ 
g  =  OlTO  (g,  2.8g). 


Dislocation  microstructures  after  plastic  deformation  at  800°G 

The  deformation  was  stopped  on  the  sample  NA3-19  ( 1%Y20^)  at  a  stress 
level  of  1020  MPa.  roughly  a  quarter  of  the  stress  level  obtained  at  room 
temperature.  Figure  2  shows  the  microstructure  in  the  basal  plane.  Dislocations 
appear  Uvally  pinned  which  leads  to  cusped  segments.  This  pinning  seems  to 
result  from  cross  slip  events  which  can  have  started  at  impurities  relevant  to  the 
sintering  process.  Numerous  dipoles  and  small  loops  resulting  likely  from  dipole 
annihilations  are  afso  observed.  These  features  are  characteristic  of  a  medium 
temperature  type  deformation.  However,  the  screw  orientation  of  dislocations  is 
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the  dominant  character  as  shown  on  figure  3,  where  two  families  of  dislocations 
1/3<1 120>  type  are  in  contrast.  These  observations  indicate  that  the  low  mobility 
of  screw  segments  still  remains  at  800“C'. 


Figure  2.  Microstructure  after  deformation  at  800°C  (NA3-I9).  1/3<1  120>  type 
dislocations  in  the  basal  plane.  Weak  beam  conditions  ;  g  =  OT 10  (g,  .‘>.2g). 


Figure  3.  Microstructurc  after  deformation  at  8tK)°C’  (NA3-19i.  Basal  plane.  Two 
families  of  dislocations  in  contra.st.  Weak  beam  conditions  ;  g  =  1010  (g.  .‘i.2g). 
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in  order  to  check  the  nature  of  the  cross  slip  plane,  additional  observations 
have  been  performed  in  the  prismatic  plane  (1100)  (fig. 4).  They  reveal  a  high 
density  of  dislocations.  These  dislocations  (Burgers  vectors  are  of  1/3<1120> 
type)  can  belong  either  to  the  basal  plane  or  to  a  prismatic  plane  of  first  kind. 
This  bears  witness  of  a  cross  slip  activity  in  this  plane.  Some  of  the  dislocations 
are  oriented  in  particular  orientation;  the  straight  dislocation  line  arrowed  on 
figure  4  is  oriented  along  10001 1  and  has  a  pure  edge  character.  This  feature  could 
be  explained  by  a  low  mobility  of  the  edge  segment  or  by  climb  of  this  segment  in 
the  prismatic  plane  of  second  kind. 


Figure  4.  Microstructure  after  deformation  at  SOO^C  (NA.3-19).  Prismatic  plane 
(1100).  The  dislocation  arrowed  is  a  pure  edge  dislocation.  Weak  beam 
conditions  ;  g  =  1 120  (g,  3.1g). 


DISCUSSION 

Although  plastic  deformation  of  ceramics  in  the  temperature  range 
investigated  could  be  achieved  also  by  grain  boundary  sliding  (not  studied  here), 
our  observations  provide  evidence  that  generation  and  multiplication  of 
dislocations  take  a  major  part  in  the  deformation  of  AIN  between  RT  and  800°C. 
Olide  occurs  on  the  basal  plane  with  dislocations  having  1/3-  i'i20>  type  Burgers 
vector.  When  temperature  increases,  the  activity  of  first  kind  prismatic  planes 
becomes  more  and  more  important,  due  to  an  easier  activation  of  cross  slip. 
However,  glide  on  first  kind  prismatic  planes  is  also  observed  at  RT  (fig.l). 

An  important  feature  of  dislocations  induced  by  plastic  deformation  is  the 
elongation  of  dislocations  or  dislocation  loops  in  the  screw  direction.  This  feature 
is  more  pronounced  at  low  temperature  but  still  remains  after  deformation  at 
800°C,  although  most  of  the  dislocations  having  pinning  points  bow  out  between 
these  pinning  points.  The  low  mobility  of  screw  .segments  has  to  be  compared  to 
other  Ill-V  compounds  ;  after  deformation  at  low  temperature,  similar  behaviour 
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is  observed  in  GaAs  [111,  InP  |I21  and  GaSb  1131-  In  those  compounds, 
deformation  is  controlled  by  screw  dislocations  and  when  temperature  increases 
the  asymetry  between  non  screw  and  screw  characters  is  less  and  less  important. 
Another  agreement  with  the  inicrostructure  of  lll-V  compounds  is  that  the 
dislocation  segments  of  glide  loops  observed  in  AIN  lie  along  the  <I120> 
directions  of  the  basal  plane  at  RT,  showing  that  dislocations  have  to  overcome  a 
high  Peierls  potential  when  moving  in  this  glide  plane.  Nevertheless,  the 
behaviour  of  dislocations  in  AIN  differs  somehow  from  other  compounds  when 
temperature  increases.  In  fact,  the  screw  orientation  remains  the  dominant 
character  but  dislocation  lines  are  not  rectilinear.  They  are  cusped  and  possess 
numerous  pinning  points.  What  is  the  nature  of  the  pinning  poi.its?  The  stress 
field  due  to  a  screw  dislocation  does  not  interact  with  a  spherical  impurity,  so  it  is 
reasonable  to  assess  that  pinning  points  could  be  associated  to  point  defect 
clusters. 

Another  interesting  -  and  more  intriguing-  point  to  notice  is  that  no 
dislocation  splitting  can  be  evidenced  using  the  weak  beam  technique.  In 
elemental  (Si,  Ge)  and  lll-V  compound  (GaAs,  InP,...)  semiconductors, 
dislocations  created  by  plastic  deformation  are  dissociated  at  rest  and  move  in  this 
configuration  |141.  Under  high  stress,  deformation  occurs  by  the  uncorrelated 
movement  of  partial  dislocations,  yielding  to  large  stacking  fault  ribbon.  In  onr 
experiments,  the  engineering  applied  stress  varied  from  about  1000  MPa  (at 
800°C)  to  about  4(X)0  MPa  (at  RT).  The  applied  stress  within  the  grains  is 
difficult  to  know  since  the  exact  orientation  of  the  observed  grains  with  respect  to 
the  compression  axis  is  unknown,  moreover  part  of  the  deformation  can  be 
achieved  also  by  grain  boundary  sliding.  However,  it  is  likely  that  dislocations, 
especially  at  RT.  have  been  submitted  to  high  stresses.  No  significant  dissociation 
being  obtained  in  our  observations  suggests  that  AIN  has  a  high  stacking  fault 
energy.  Extended  nodes,  stacking  faults  and  dissociated  dislocations  have  been 
previously  observed  in  as-grown  material  leading  to  low  values  for  the  stacking 
fault  energy  ;  from  4  mJ.m““  |15|  to  7.5  mJ.m'“J8|.  .Such  stacking  fault  energy 
values  would  have  led  to  a  large  splitting  of  <1 120>  dislocations  under  the  high 
stresses  applied  in  our  experiments.  The  different  behaviour  between  dislocations 
created  during  the  sintering  process  and  those  created  by  controlled  plastic 
deformation  could  be  understood  by  the  effect  of  impurities  on  stacking  fault 
energy  at  high  temperature  on  one  hand,  and  on  dislocation  dynamics  during  low 
temperature  deformation,  on  the  other  hand. 


C ONGUl  SION 

Dislocations  arc  responsible  for  the  plastic  deformation  of  sintered  AIN 
between  RT  and  800°C.  Screw  segments  control  deformation  in  this  temperature 
range.  At  RT,  they  are  straight  and  well  confined  in  the  Peierls  valleys.  At  8(X)°C', 
screw  dislocations  arc  cusped  and  many  cross  slip  events  occur.  The  first  kind 
prismatic  plane  has  been  found  to  be  the  cross  slip  plane.  Impurity  clusters 
interacting  with  screw  dislocations  are  suspected  to  promote  the  cross  slip 
nucleation.  Although  large  stresses  were  applied,  no  dissociation  of  dislocations 
created  by  plastic  deformation  has  been  resolved.  Other  experiments  with  different 
impurity  concentrations  are  needed  to  clarify  the  cross  slip  abilities  of  screw- 
dislocations  as  well  as  the  splitting  mode  of  dislocations.  Pinally,  microstructurcs 
and  plastic  behaviour  of  sintered  AIN  are  very  similar  to  those  of  other  lll-V 
compounds.  This  suggests  that  mechanical  properties  of  aluminum  nitride  and 
covalent  ceramics  could  be  improved  by  electronic  doping. 
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ABSTRACT 

The  dielectric  functions  e  =ei+i£2  of  AlAs  were  determined  from  1.5  eV  to  5.0 
eV,  by  spectroscopic  ellipsometry  (SE),  from  room  temperature  (RT)  to  -577  °C  in 
an  ultrahigh  vacuum  (UHV)  chamber  Molecular  beam  epitaxy  (MBE)-grown 
AlAs  was  covered  by  a  thin  GaAs  layer,  which  was  passivated  by  arsenic  capping  to 
prevent  oxidation.  The  arsenic  cap  was  desorbed  inside  the  UHV  chamber.  SE 
measurements  of  the  unoxidizcd  sample  were  made,  at  various  temperatures. 
Temperature  dependent  optical  constants  of  AlAs  were  obtained  by  mathematically 
removing  the  effects  of  the  GaAs  cap  and  substrate.  Quantitative  analyses  of  the 
variations  of  critical-point  energies  with  temperature,  by  using  the  harmonic 
oscillator  approximation  (HOA),  indicate  that  the  Ei  and  energies  decrease 

-350  meV  as  temperature  increases  from  RT  to  500  °C. 

INTRODUCTION 

AlAs  is  the  binary  endpoint  of  the  AlxGa(].x)As  system,  which  plays  an 
extremely  important  role  in  high-speed  electronic  and  optoelectronic  device 
technologies.  The  materials  in  this  alloy  system  are  essentially  lattice  matched 
over  the  entire  composition  range.  As  x  value  approaches  to  1  (AlAs),  sample 
surfaces  become  so  reactive  that  the  oxide  layer  can  not  be  removed  by  wet- 
chemical  etching  (11.  Therefore,  studies  of  optical  constants  (dielectric  function  £  = 
£[  -siE2)  AlAs,  in  the  entire  visible  range,  were  not  complete,  especially  at 
elevated  temperatures  [2,3].  In  this  paper,  we  report  the  results  of  In  situ 
spectroscopic  ellipsometric  (SE)  measurements  of  dielectric  functions  E  of  AlAs,  at 
elevated  temperatures,  inside  a  UHV  chamber. 

THEORY 

Spectroscopic  ellipsometry  accurately  determines  the  complex  ratio  p=  K^,  /  R,, 
where  Rp  and  Rs  are  the  reflection  coefficients  of  light  polarized  parallel  to  (p)  or 
perpendicular  to  (s)  the  plane  of  incidence  The  ratio  has  been  traditionally  defined 
as: 


p  =  tan(  ,  (1) 

where  the  values  of  tan(v)  and  A  are  the  amplitude  and  phase  of  the  complex  ratio. 
Results  of  the  SE  measurements  are  expressed  as  \|;(hV),  <X>j)  and  A(hv,,  d>j)  where 
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hv  IS  the  photon  energy  and  <I)  is  the  external  angle  of  incidence.  The  ability  of 
measuring  the  phase  changes  A(hv,-,  <l>p  in  particular  gives  the  ellipsometer  great 
sensitivity  to  the  structural  and  surface  changes  of  the  samples  [4]. 

The  pseudodielectric  function  <£>  can  be  obtained  from  the  ellipsometrically 
measured  values  of  p,  based  on  a  two-phase  model  (ambient/ substrate)  [5]: 


(iif)' 


sin^<l>tan^d)  +  sin^d) 


(2) 


regardless  of  the  possible  presence  of  surface  overlayers.  The  in  Eq.(2)  represents 
the  ambient  dielectric  function  (i.e.,  £,=1  in  vacuum). 

If  the  sample  contains  multiple  layers,  the  SE  data  must  be  numerically  fitted. 
A  model  is  assumed,  and  tanv)/<^(hv|,  d>|)  and  cosA<^(hVi,  <t>j)  are  calculated  as  in  Eq. 
(1)  for  comparison  with  the  measured  values.  A  regression  analysis  is  used  to  vary 
the  model  parameters  (e.g.,  layer  thickness  or  dielectric  function)  until  the 
calculated  and  measured  values  match  as  closely  as  possible.  This  is  done  by 
minimizing  the  mean  square  error  (MSE)  function,  defined  as: 


MS£  =  — y 


tan  i//(/iv,,d>j)-tanv/‘^^(/iv',,<f>,)j  +|cosA(/iv,,0,)-cosA‘(/;V|,d>,) 


The  dielectric  response  of  a  solid  crystal  can  be  quantum  mechanically 
expressed  as  a  superposition  of  a  set  of  harmonic  oscillators  16-8).  In  this  study,  we 
found  that  a  six-oscillator  model  could  satisfactorily  fit  our  SE  data,  therefore,  the 
dielectric  function  can  be  written  as 


£(£)  =  !  + 


»  =  i 


£  +  £(.+/£!  £  —  £l  -e  if  j 


A  detail'^d  discussion  of  our  SE  data  analysis  using  this  HOA  will  be  presented 
later  section  of  this  paper 


(4) 

in  a 


EXPERIMENTAL 


AlAs  of  -5000  A  nominal  thickness  was  grown,  by  MBE  with  a  Varian  Modular 
Gen  II,  on  semi-insulating  GaAs  (100)  substrate,  and  covered  by  a  -20  A  GaAs  layer. 
GaAs  substrate  temperature  was  determined  as  -680  °C,  bv  using  an  IRCCN  optical 
pyrometer,  and  the  growth  rate  was  one  micron  per  hour.  After  finishing  the  MBE 
growth,  the  sample  was  allowed  to  cool  down  to  -20  °C,  and  then  exposed  to  arsenic 
pressure  at  1.24xl0‘5  torr  for  94  minutes.  Thus  the  top  GaAs  thin  layer  was 
passivated  by  arsenic  capping  to  prevent  oxidation. 

The  sample  was  installed,  after  growth,  into  a  UMV  chamber,  to  ivhich  a 
rotating-polarizer  spectroscopic  ellipsometer  was  attached.  SE  measurements  were 
performed  through  a  paii  of  low-strain  fused-quartz.  windows  to  minimize  the 
measuring  error.  This  optical  system  has  been  described  in  detail  in  reference  8. 
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The  sample  was  heated  on  a  resistor-heater  plate,  inside  the  UHV  chamber,  to 
-350  °C.  The  arsenic  cap  was  desorbed  at  this  temperature,  and  the  surface  of  the  top 
GaAs  layer  was  monitored  by  an  in  situ  SE  measurement  near  the  E2  energy.  An 
unoxidized,  clean  top  GaAs  surface  was  obtained  when  the  monitored  <£2>  value 
reached  its  maxium  [8-11].  Temperatures  were  controlled  and  measured  by  a 
calibrated  k-type  thermocouple.  The  typical  base  pressure  of  the  UHV  was  -1-2x10"^ 
torr  and  all  SE  measurements  were  made  without  arsenic  overpressure. 

MEASUREMENTS  AND  ANALYSIS 

Dielectric  functions 


SE  data,  measured  at  RT,  from  the  unoxidized  sample  surface,  were  used  to 
determine  the  layer  thicknesses  of  AlAs  and  GaAs  cap.  Peak  positions  of  the 
dielectric  function  £  of  RT  AlAs,  which  was  calculated  from  our  model  with 
different  layer  thicknesses,  were  compared  with  RT  dielectric  function  data  from  ref 
3.  It  was  found  that  the  actual  thicknesses  of  AlAs  and  GaAs  cap  were  5000  A  ±  50  A 
and  23  A  ±  2  A,  respectively,  by  aligning  the  major  peak  positions  of  £1  and  £;  with 
those  from  ref.  3  data  and  the  known  critical-point  positions.  Those  actual 
thicknesses  are  in  good  agreement  with  the  nominal  values.  In  general,  our  RT 
dielectric  function  data  of  AlAs  are  comparable  with  the  data  in  ref.  3,  except  our  £2 
peak  value  in  the  near  £3  region  is  slightly  lower  (£2  =-28)  than  that  in  ref.  3  (£2  = 
-30).  This  is  because  the  peak  value  of  £2  in  ref.  3  was  an  assumed  value  used  to 
determine  the  surface  oxide  thickness,  while  ours  was  the  result  from  direct 
measurement  of  an  unoxidized  surface. 

Dielectric  functions  of  AlAs  were  obtained  by  mathematically  removing  the 
effects  of  the  GaAs  cap  and  substrate,  assuming  a  four-phase  model  (ambient/GaAs 
cap/AlAs/GaAs  substrate)  with  actual  thicknesses.  Temperature  dependent  optical 
constants  of  GaAs,  obtained  from  our  previous  studies  [81,  were  used  in  the  model. 
Dielectric  functions  £  of  AlAs,  measured  from  1. 5-5.0  eV,  at  the  temperatures 
ranging  from  RT  to  577  °C,  are  shown  in  Fig.l.  Actual  SE  measurements  were 
made  at  increments  of  -50  ’C.  Starting  at  500  “C,  surface  quality  was  checked  by 
taking  RT  SE  data  each  time,  after  measurements  were  made  at  ilie  elevat.,d 
temperatures.  It  was  found  that  after  healing  above  500  °C,  the  GaAs  cap  surface 
was  slightly  roughened.  This  correlated  with  a  blurred  Reflection  High  Energy 
Electron  Diffraction  (RHEED)  pattern  associated  with  a  dynamic  GaAs  surface  (i.e., 
arsenic  was  moving  around),  seen  at  -500  "C,  in  a  UHV  chamber  without  arsenic 
overpressure.  AT  -577  "C,  the  GaAs  cap  became  thinner  and  the  surface  was 
rougher.  This  was  likely  caused  by  additional  congruent  evaporation  of  Ga  and  As 
.It  high  temperatures  between  577-657  "C  [9-12].  Roughening  could  be 
approximately  modeled  as  a  nondense  GaAs  layer  (i.e.,  layer  containing  voids),  by 
using  the  Bruggeman  effective-medium  approximation  (EMA)  [8,13].  Corrections 
were  made  mathematically  to  remove  the  surface  roughening  effects  at  500  and  577 

■^c. 


1.5  2.0  2.5  3.0  3.5  4.0  4.5  5.0 

Photon  Energy  (eV) 


FIG.  1  Representative  dielectric  functions  e  of  AlAs  at  23,  100,  200,  300,  400,  500, 
and  577  °C.  The  500  and  577  curve  have  been  corrected  for  surface  roughening. 
The  three  critical  energy  positions  are  marked  for  RT. 

Temperature  Dependence  of  Critical-Point  Energies 

As  shown  in  Fig.  1,  peaks  of  the  dielectric  functions  of  AlAs  shift  toward  lower 
energy,  as  temperature  increases,  indicating  an  overall  shift  of  the  critical-point 
energies  at  elevated  temperatures.  HOA  was  employed  to  explore  the  variations  of 
critical-point  energies  with  temperature.  A  six-oscillator  model,  described  in  Eq. 
(4),  was  used  to  fit  the  SE  data  of  AlAs,  in  the  range  of  3. 2-5.0  eV.  Among  the  six 
oscillators,  three  represented  the  major  optical  transitions  E),  Ei+.3i,  and  E'Q+d'q. 
One  oscillator  was  used  to  describe  optical  transitions  between  Ej+A]  and  F'Q-t-,\'(), 
and  the  other  two  oscillators  were  employed  to  include  the  effects  of  all  transitions 
above  E  q-sA  o  and  outside  our  spectral  range. 

Fig.  2  shows  the  results  of  our  HOA  fit  for  the  dielectric  functions  of  AlAs  at 
RT  and  400  “C,  respectively.  All  the  parameters  Ak,  Ek  and  Pk,  of  each  oscillator 
were  allowed  to  vary  except  I  f,,  to  minimize  the  MSE  function  through  a 
regression  analysis.  The  six-oscillator  HOA  fit  was  applied  to  c  of  AlAs  at  each 
elevated  temperature. 

The  center  energies  of  the  three  oscillators,  representing  three  particular 
optical  transitions,  correspond  to  critical  points  (CP)  Ei,  El-^Al,  and  E\)+.\'o 
Temperature  dependent  variations  of  the  three  critical  points  are  shown  in  Fig  3. 
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We  can  see  that  as  temperature  increases  from  RT  to  -500  ’C,  the  anti 
energies  decrease  almost  -350  meV,  while  the  Eg+Ay  energy  decreases  only  -140 
meV.  The  deviations  of  the  (CP)  energies  at  577  °C,  we  believe,  is  related  with 


T=400  "C 


3.4  3.6  3.8  4.0  4.2  4.4  4.6  4.8  3.6  3.8  4.0  4.2  4.4  4.6  4.8  5.0 

Photon  Energy  (eV)  Photon  Energy  (eV) 

FIG.  2  Six-oscillator  HOA  fit  (dot  line)  for  the  dielectric  functions  of  AlAs  (solid 
line)  at  RT  and  400  '’C. 


Temperature  (°C) 

ITG.3  Temperature  dependence  of  CP  energies,  of  AlAs,  K|  (solid  triangle).  Ei+.\i 
(asterisk),  and  F'q+A'o  (hollow  triangle).  The  solid  lines  are  cubic  polvnomial  ^it^ 
for  each  CP  energy,  from  RT  to  500  "C. 


sample  surface  degradation  at  that  temperature.  The  three  CP  energies  at  RT  in  Fig. 

3  are  in  good  agreement  with  values  in  literature  [31.  The  error  bars  for  CP  energy 
values,  ranging  from  RT  to  -500  °C,  were  estimated  to  be  -10  meV. 

SUMMARY 

We  have  presented  dielectric  functions  £  =  f  i  +  i£2  of  AlAs  ,  measured  by  in 
situ  SE  ,  as  functions  of  temperature.  Variations  of  CP  energies  with  temperature, 
analyzed  by  HOA,  indicates  that  Ej,  E]+A),  and  Eq+A'q  energies  of  AlAs  decrease  as 
temperature  increases.  From  RT  to  500  °C,  E^  and  Fj+A]  energies  decrease  almost 
~350meV. 
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ABSTRACT 

GaP  cpi layers  grown  at  temperatures  ranging  from  420  to  500°C  had 
.smooth  .surfaces  and  streaky  RHEED  patterns.  The  decomposition  of  group-in 
sources  of  TEGa  limits  the  growth  rates  of  Gap  at  lower  substrate 
tcmperatures(<390  "C  ) .  The  growth  rate  of  GaP  epitaxial  layers  was 
efficiently  enhanced  Ey  irradiation  at  lower  substrate 

I  emperatiires . 


lATROnCCTIov: 

Gallium  phosphide  (GaP)  is  widely  used  for  1 ight -cmi I t ing  diodes 
(I.EI)s).  The  performance  of  I.EDs.  however,  is  limited  by  its  indirect-gap 
structure,  though  suitable  recombination  centers  for  light  emission  are 
utilized.  For  further  Improvement  in  CaP  light-emitting  devices, 
heterost  ruct  tires  consisting  of  GaP/AlP  or  GaP/GaN  have  received  considerable 
interest.  Metalorganic  molecular  beam  epitaxy  (.'lO'IBEI  promises  to  be  an 
attractive  technique  for  ni-V  semiconductors,  especially  for  P-based  HI¬ 
V's.  owing  to  its  excellent  controllability  of  high  vapor-pressure  group 
V  sources. 

in  'lOIRE  without  cracking  group  in  metalorganics .  the  decomposition  of 
metalorganlcs  takes  place  Just  on  a  heated  substrate.  Stagnant  layers  which 
govern  growth  processes  in  organometal  I  ic  vapor  phase  epitaxy  (O'lVPK)  are 
not  formed.  Thus,  reactions  among  sources  In  gas  phase  are  completely 
removed.  Eurlhermore,  the  decomposition  reaction  of  metalorganics  at  the 
growth  surface  brings  crystal  growth  governed  by  surface  reactions. 
Selective  epitaxy  by  modulating  the  reaction  with  insulator-masking  and/or 
eleclron/photon  irradiation  will  be  practically  achievable  in  MO'^BE.  These 
advantages  of  .KOKBE.  however,  have  been  investigated  mainly  in  the  epitaxy 
of  As-based  m-V  semiconductors  |1.2|.  Recently,  a  reduction  of  carbon  in 
GaAs  cpi layers  |3|  and  the  growth  of  GaAs  epliayers  with  fine  patterns  |4| 
were  demonstrated  in  TO)IHE  with  Ar*  laser  irradiation. 

In  this  paper,  we  describe  the  homoepitaxial  growth  of  GaP  and  the 
properties  of  layers  grown  at  appropriate  substrate  temperatures.  The 
decomposition  of  group-in  sources  such  as  triethy Igal 1 i urn  (TEGa)  is 
insufficient  at  lower  substrate  temperatures.  To  obtain  an  abrupt 
heteroiunetion  with  a  smooth  interface,  a  reduction  of  growth  temperature 
is  required.  Here,  we  report  an  enhancement  of  CaP  growth  rate  at  lower 
substrate  temperatures  by  ultraviolet-light  irradiation  emitted  from  a  N2 
laser  (337nm). 


GaP  EPITAXY  IV  VIOMBE 

The  ?I0I*IBE  system  is  described  elsewhere  15|.  Trlethylgal  1  lum  (TEGa)  and 
Plbj  were  used  in  our  HOMBE  system.  The  temperature  of  TEGa  was  kept  conslant 
in  a  thermostat.  The  flow  rates  of  TEGa  (F-j-(.;(;a)  were  precisely  controlled 
between  0.015  and  0.100  SCCIK  by  a  mass-flow  controller  without  II2  as  a 
carrier  gas.  PII3  with  a  flow  rate  (Epu;))  from  O.OG  to  1.0  SCC>I  was 
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r  procrackod  in  a  thersal 

crarking  roll.  In  thn  coll, 

,  Iho  cracking  efficiency  is 

i  oslimalod  to  bo  58  %  from  the 

reduction  rate  in  the  peak 
I  intensity  of  34  amu  (I’lls)  in 

[  mass  spectrum  detected  by  a 

fquadrupole  mass  analyzer.  The 

pressure  of  the  production 

chamber  during  epitaxy  »as 
maintained  in  the  order  of 
10~^  Torr.  The  substrate 
temperature  was  varied  between 
290  and  500  T.  Gal’  with  the 
orientation  of  (100)  or  (ill) 
was  used  as  a  substrate. 

In  our  previous  report 

(G|,  it  was  found  that  the 

I  decomposition  of  metalorganics 

limits  Lhe  growth  rate  of  1>- 
based  ill  -  V  s  (InGaP,  GaAlP  and 
^  InMP)  at  low  substrate 

temperatures  in  MOMBF.  Also 

in  GaP  epitaxy,  the 

decomposition  of  TKGa  becomes 
insufficient  with  an 
activation  energy  of  39 
kcal/mol  below  390”C  as  shown 


425  390  360  340  320  Tsytj  (”C) 


14  15  16  17 


1000/ Tsub  C'K) 


Kig.l.  Growth  rate  of  GaP  and  Its  photo- 
irradiation  effect.  Kji.;(;3=0.020scrm  and 
F|>||3=0.20  seem. 


in  Pig.!.  The  flow  rates  of 

TEGa  and  PII3  were  kept  at  0.020  and  0.20  seem,  respectively.  Above  390“C  . 
the  decomposition  of  TEGa  showed  a  saturation  limited  by  the  amount  of 
supplied  metalorganics.  The  quality  of  typical  GaP  epi layers  was  examined  by 
reflection  high-energy  electron  diffraction  (RIIEED)  observation  and  X-ray 
rocking-curve  analysis. 


GaP  epi  layers  grown  at  temperatures  ranging  from  420  to  .500  ”C  had 
smooth  surfaces  and  streaky  RIIEET)  patterns.  Figure  2  shows  an  example  of  the 
surface  and  the  RHEED  pattern.  Full  width  at  half  maximum  (Fkll't)  of  X-ray 
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rcicking  curves  for  the  npi  layers  shows  as  low  as  18-22",  The  unrtoped 
opi layers  exhibited  n-type  conduelion.  and  the  carrier  concentration  reached 
10***  cm"'*  measured  by  capacitance-voltage  characteristics  in  a  Sehotlky- 
diode  structure. 


I'llOTO-IRRADIATIO.N  KKKKCT  IN  Gal>  KI’ITAXY 
Growl  li  enhanrement 


At  lower  substrate 
temperatures,  the  growth  rates 
of  GaP  are  enhanced  with 
ul t ravlolet- 1 Ight  (337  nm) 
emitted  from  a  Nj  laser (pulse 
operation,  repetition  rate  <20 
II/.).  Figure  3  shows  a 
thickness  profile  measured  by 
llekTak  3030  for  the  epi  layer 
with  photo- 1 rradiat ion .  As 
shown  in  Fig.l,  the  growth 
rate  of  OaP  reaches  0.4  «  m/h 
with  photo- 1 rrad 1  at  ion .  which 
is  limited  by  the  supply  of 
metal  organics.  The  flow  rate 
of  TKGa  and  Pllj  wa.s 
maintained  at  0.020  and  0.20 
SCC.'I.  respectively. 

The  growth  enhancement 
increases  with  the  irradiated 
photon  number  below  ~lxl0'^ 
photons/cm^pulse  (Fig.  4). 
Above  the  photon  number,  the 
enhancement  is  saturated  at 
0.8  p  m/h  for  Fff;(;a=0.050 
seem.  The  repetition  rate  of 
the  N2  laser  was  7(1/ .  in 
Fig. 4,  the  saturated  value  of 
the  growth  rate  becomes 
smaller  (0.4  pm/h)  in  the 
ease  of  f-rKGa'^^-^^Oscem. 


Photochemical  effect 

In  ONIVPF  growth  of  GaP 
17),  the  irradiation  by  an 
intense  ArF  cxclmer  laser  with 
a  power  density  of  0.11  J/cm2 
(repetition  rate:  50  Hz) 
enhanced  the  growth  rate.  It 
is  noted  that  the  substrate 
temperature  showed  an  increase 
of  380  "C  by  the  irradiation 
(81.  Based  on  the 
calculation  for  one- 
dimensional  heat  conduction  as 
In  ref. [8),  a  transient 
increase  in  the  subsl.atc 
temperature  In  our  experiment 


Fig. 3.  Thickness  profile  of  selectively 
grown  Gap. 


1 - 1  -r\  l-rr^ - 1 - 1 - r-j  I  rt  ' 


tot-  TE&a=0  OSseem^ 


t - 1 - 1 1 — L  1  i-t  iJ - i - 1 4 — I  I  t  J  1 1 

lO'G  lO'T  lO'S 

irradiation  intensity  (pholons/cm^pulse) 


Fig. 4.  Growth  enhancement  by  photo- 
irradiation  as  a  function  of  irradiated 
photon  number.  bpils/lTEGa''*^’  Substrate 
temperalure=350’C .  Repetition  rate  of  >2 
laser-7llz. 
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Is  ;i0  “c  at  most.  Also,  Cat' 
was  dopositf'd  oven  at  200  ”C 
as  shown  in  Klff.5  with  the 
same  vaiuo  of  the  growth 
enhancement  at  350  "C . 
Thereby,  the  enhancement  of 
the  growth  rate  by  the  N2- 
lasrr  irradiation  is  heiieved 
to  he  due  to  photochemical 
reactions.  Since  TKGa  shows 
no  absorption  for  longer 
wavelengths  than  310  nm  19|. 
TKCa  has  essentially  no 
absorption  in  gas  phase  for  N2 
laser.  Ad.sorbed  Ga 

melalorganics  on  a  growing 
surface  may  absorb  the  L'V- 
liglit,  which  lirings  the  growth 


350 


250 


200  CO 


16  17  18  19  20  21  22 

1000/ Tsub  (1/K) 


enhancement . 


F.fficicncy  of  photo-enhancement 


Fig. 5.  Growth  enhiancenienl  by  photo- 
irradiation  as  a  function  of  substrate 
temperature. 

FTKGa-<'-®20sccm  and  Fp||3=0.20  seem. 
Repetition  rale  of  N2  lasor^THz .  laser 
i  mens  1  ty=lxl0*^photons/cm2pul  so. 


In  the  optimum  case 
until  now,  the  growth 
enhancement  of  0.8  // m/h  was 
obtained  by  the  Irradiation 
with  Ixio'^  photons/cm^pulse 

and  1  ilz.  The  number  of  Ga  atoms  deposited  on  a  growing  surface  is 
calculated  to  be  5.4x10'“^  atoms/cm^s  from  the  increased  growth  rate.  If  the 
photo-enhanoement  efficiency  is  defined  as  the  ratio  of  the  number  of 
deposited  Ga  atoms  to  the  irradiating  photon  number  per  unit  area  per  unit 
time,  the  efficiency  is  estimated  to  be  around  5xI0'>'.  We  also  observed  an 
increase  in  the  growth  rate  of  GaP  (0,06  /zm/h)  by  Ar*-laser  (488nro.  SW/cm^, 
GW  operation)  irradiation.  The  photo-enhancement  efficiency  in  this  case  is 
estimated  to  be  3xl0’6.  In  NOMBE  growth  of  CaAs  using  TEGa  and  Asll^  llOl, 
the  growth  rate  shows  an  increase  of  0.4  m/h  as  a  result  of  irradiation 
by  an  Ar*  laser  (515  nm,  CW  operation,  ~80mW/cm2),  Here,  the  photo- 
enhancement  efficiency  is  also  estimated  to  be  in  the  order  of  10'®.  The 
efficiency  by  N2-laser  irradiation  is  roughly  three  orders  of  magnitude 
larger  than  by  Ar*-laser  irradiation.  Hence,  the  efficiency  of  the  photo- 
enhancement  appears  to  be  affected  by  the  wavelength  of  irradiating  light 
and/or  scheme  of  photo-lrradlallon  (pulse  or  CW). 

To  clarify  the  reason  of  efficient  photo-enhancement,  the  wavelength 
of  irradiation  light  was  changed.  When  the  pulsed  light  (365  nm)  emitted 
from  a  dye  laser  (2  Hz,  ~6xl0'®  photons/cm^-pulse)  was  Irradiated  on  the 
growing  surface  with  a  substrate  temperature  of  ,350  'C  (Fxp;c3=0.050  SCCW, 
Fp||3=0.5  SCCJI),  no  appreciable  enhancement  in  the  growth  rate  of  GaP  was 
observed  after  1  hour.  Under  the  same  growth  condition  with  N'2-lascr 
irradiation  (337  nm,  1.5  Hz.  6x10*®  photons/cm^-pulsc) .  a  growth  enhancement 
of  1.0  p  m/h  was  achieved.  Hence,  the  efficiency  of  the  photo-enhancement 
seems  affected  by  the  wavelength  of  irradiated  light  based  on  the 
prel Iminary  result. 


CONXI.ISIONS 


GaP  epi layers  grown  at  temperatures  ranging  420-500°C  had  smooth 
surfaces  and  streaky  RHEED  patterns.  The  undoped  epilayers  exhibited  n-type 
cond'iction,  and  the  carrier  cnncenlral ion  reached  10'‘^  cm"'^  measured  by  the 
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capacitance-voltage  characteristics  of  a  Schottky-diode  structure. 

The  growth  rate  of  GaP  was  enhanced  by  ultraviolet- 1 ight  irradiation 
emitted  from  a  N2  laser.  The  growth  rate  reached  the  value  limited  by  the 
supply  of  mctalorganics.  The  photo-enhancement  efficiency  is  estimated  to 
be  o.xlO"-*.  which  is  roughly  the  three  orders  of  magnitude  larger  compared 
with  Ar*-laser  irradiation.  The  enhancement  is  thought  to  be  due  to 
photochemical  reaction  on  a  growing  surface. 
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ABSTRACT 

Silicon  carbide  semiconductor  technology  has  been  advancing  rapidly  over 
the  last  several  years.  Advances  have  been  made  in  boule  growth,  thin  film 
growth,  and  device  fabrication.  This  paper  will  review  reasons  for  the  renewed 
interest  in  SiC,  and  will  review  recent  developments  in  both  crystal  growth  and 
device  fabrication. 


INTRODUCTION 

Interest  in  SiC  as  a  semiconductor  dates  back  more  than  thirty  years. 
Then,  as  now,  SiC  was  recognized  as  having  great  potential  for  applications 
involving  high  temperature,  high  radiation,  and  high  frequency.  The  use  of  6H- 
SiC  to  fabricate  blue  light-emitting  diodes  (LEDs)  was  also  recognized  early 
on.  More  recently,  the  potential  for  high  power  applications  has  been  receiving 
more  attention.  Over  the  last  several  decades,  the  lack  of  suitable  crystal 
growth  processes  has  hindered  its  development.  The  situation  has  changed  over 
the  last  few  years.  Advances  in  both  boule  and  thin  film  SiC  growth  have 
accelerated  the  development  of  this  unique  semiconductor.  For  example,  high- 
quality  polished  6H-SiC  wafers,  25  mn  in  diameter,  are  now  commercially 
available.  Chemical  vapor  deposition  (CVO)  is  used  to  produce  multi-layer  n- 
and  p-type  6H-SiC  device  structures.  Other  new  device  processes  have  also 
contributed  to  the  development  of  excellent  devices.  Many  of  these  developments 
are  reviewed  in  the  Proceedings  of  recent  conferences^'^  and  several  excellent 
review  articles.*'^  In  this  paper,  we  will  discuss  SiC  properties,  crystal 
growth,  and  device  fabrication  with  emphasis  on  developments  not  covered  in 
previous  reviews. 


PROPERTIES  AND  APPLICATIONS 

Silicon  carbide  exhibits  a  form  of  one-dimensional  polymorphism  called 
polytypi sm.*'®  Because  of  its  importance  in  SiC  technology,  this  structural 
feature  will  be  described  first.  The  many  polytypes  of  SiC  differ  from  one 
another  only  in  the  stacking  sequence  of  double  layers  of  Si  and  C  atoms.  Each 
successive  double  layer  is  stacked  on  the  previous  double  layer  in  a  close- 
packed  arrangement  that  allows  only  three  possible  relative  positions  for  the 
double  layers.  These  positions  are  normally  labeled  A,  B,  and  C.  Depending  on 
the  stacking  sequence,  various  structures  (i.e.  cubic,  hexagonal,  or 
rhombohedral )  are  produced.  In  the  hexagonal  frame  of  reference,  the  stacking 
sequence  is  in  the  [0001]  direction  (the  c-axis),  and  the  (0001)  plane  is 
referred  to  as  the  basal  plane. 

The  two  most  common  SiC  polytypes  are  3C-SiC  with  the  sequence  ABC...  (or 
ACB...)  and  6H-SiC  with  the  stacking  sequence  ABCACB...  The  3C  polytype,  also 
known  as  B-SiC,  is  the  only  polytype  with  a  cubic  structure.  All  of  the  others 
are  known  as  a-SiC;  6H  is  the  most  common  and  has  a  hexagonal  structure.  The 
number-letter  designation  of  the  polytypes  denotes  the  number  of  double  layers 
in  a  polytype  repeat  sequence  and  the  structure  of  the  polytype,  respectively. 
Because  of  the  polar  nature  of  SiC  bonds  at  the  basal  plane,  the  (0001) 
surfaces  of  6H  and  the  (111)  surfaces  of  3C  are  terminated  with  either  Si  atoms 
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(a  Si  face),  or  C  atoms  (a  C  face).  In  discussions  that  follow,  the  tilt  angle 
of  a  vicinal  (0001)  SiC  surface  is  the  angle  between  the  actual  surface  and  the 
(0001)  plane. 


Properties 

An  appreciation  of  the  potential  of  SiC  can  be  gained  by  examining  Table 
I,  which  is  a  comparison  of  its  properties  with  those  of  diamond  and  GaP  (two 
other  contenders  for  high  temperature  applications)  and  with  those  of  the  two 
most  common  commercially  available  semiconductors.  Si  and  GaAs.  In  the  SiC 
column  of  the  table,  if  a  property  of  6H  differs  from  3C,  it  is  listed  within 
parentheses.  The  maximum  operating  temperature  was  calculated  relative  to  that 
of  Si  by  assuming  a  maximum  for  Si  of  300°C  and  multiplying  this  temperature 
(expressed  in  K)  by  the  ratio  of  bandgaps.  The  maximum  for  diamond  is  imposed 
by  a  phase  change. 

Silicon  carbide  does  not  melt  at  any  reasonable  pressure,  but  does 
sublime  at  temperatures  greater  than  1800°C.  Below  1500°C,  its  physical 
stability  is  excellent  and  its  stability  in  an  oxidizing  atmosphere  gives  it 
an  edge  over  diamond.  We  believe  that  long  term  stability  at  high  temperatures 
will  be  a  problem  with  the  more  common  III-V  compounds,  such  as  GaAs  and  GaP. 
Thus,  SiC  has  a  significant  advantage  where  long-term  reliable  operation  at 
elevated  temperatures  is  a  requirement. 


Table  I.  Comparison  of  Semiconductors 


Property 

s: 

GaAs 

GoP 

3C  SiC 
(61!  SiC) 

Diomon(j 

Bondgop  (eV) 
at  300  K 

1.4 

2.3 

2.2 

(2.9) 

5.5 

Maximum  operating 
te^nperoture  (*C) 

300 

460 

925 

873 

(1240) 

IIOO(’) 

Melting  point  (’C) 

1420 

1238 

1470 

Sublimes 
>  1800 

Phase 

chonge 

Physical  Stobility 

Good 

Foir 

Foir 

Excellent 

Very  good 

Electron  mobility 

R.T.,  cm2/v-s 

1400 

8500 

350 

1000 

(600) 

2200 

Hole  mobility 

R.T.,  cm2/v-s 

600 

400 

100 

40 

1600 

Breakdown  voltage 

Et,  ,  106  v/cm 

.3 

A 

— 

4 

10 

Thermal  conductivity 
Or  ,  W/cm-'C 

1.5 

.5 

.8 

5 

20 

Sat.  elec,  drift  vel, 
v(sat),  10^  cm/s 

1 

2 

— 

2  5 

2.7 

Dielectric  const.,  K 

11.8 

12.8 

11.1 

9.7 

5.5 

Relative  Z  j 

1 

7 

— 

1100 

8100 

Relative  Z  ^ 

'  J 

-- 

6 

32 

Johnson:  Zj  CX  v^(sal)  Keyes:  Or[v(sat)/K] 
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The  room  temperature  electron  and  hole  mobility  of  SiC  at  low  electric 
fields  does  not  compare  as  favorably  as  the  other  properties  but  is  acceptable 
for  most  applications.  Tor  high  temperature  power  applications,  the  advantages 
of  SiC  and  diamond  are  the  result  of  their  much  higher  values  of  breakdown 
voltage  and  thermal  conductivity. 

Silicon  carbide  (and  diamond)  also  have  great  potential  for  high 
frequency  devices.  Two  figures  of  merit  for  semiconductors  for  high  frequency 
operation  are  the  Johnson  (Zj)’  and  Keyes  (Zk).'“  Relative  values  (to  that  of  Si) 
for  these  quantities  are  shown  in  Table  I  and  illustrate  the  high  potential  of 
SiC  and  diamond. 


AddI ications 

Initial  commercial  SiC  devices  have  been  blue  LEDs."  Mass  production  of 
these  products  has  brought  prices  down  to  moderate  levels.  High  voltage  diodes 
for  operation  up  to  350°C  are  also  available,  and  other  devices  are  under 
development. 

We  expect  that  there  will  be  important  applications  for  SiC  devices  in 
the  aerospace  industry.  Sensors,  control  electronics,  and  power  electronics 
that  can  operate  at  temperatures  up  to  60C'’C,  and  beyond,  are  required.  For 
example,  in  advanced  turbine  engines,  many  actuators  for  mechanical  components 
will  be  required  throughout  the  engine.  Using  electric  actuators  instead  of 
traditional  hydraulic  or  pneumatic  actuators  has  many  advantages;  however, 
electric  actuators  will  require  sensors  and  power  electronics  in  ambient 
temperatures  up  to  600°C.  Another  example  is  power  electronics  for  space  power 
systems.  For  reduced  weight,  it  is  highly  desirable  that  the  power  electronics 
operate  at  elevated  temperatures,  and  sometimes  also  in  a  high  radiation 
environment. 

Component  reliability  is  a  key  issue  in  all  applications,  and  in 
particular  for  aerospace  applications.  Failure  can  lead  to  expensive,  and 
possibly  tragic,  consequences.  Because  of  its  chemical  stability  and  ceramic¬ 
like  character,  we  believe  that  the  potential  reliability  of  semiconductor 
devices  and  sensors  fabricated  from  SiC  will  be  much  higher  than  that 
obtainable  from  any  other  semiconductor  material.  This  reliability  advantage 
should  hold  for  all  operating  temperatures. 

Other  applications  for  SiC  include:  electronics  for  deep  well  drilling 
operations,  microwave  power  devices  for  radar  systems,  sensors  for  the  nuclear 
power  industry,  automobiles,  etc. 


CRYSTAL  GROWTH 

Since  SiC  does  not  melt  at  luasonable  pressures,  most  bulk  crystal  growth 
approaches  have  involved  the  sublimation  of  polycrystalline  SiC.  Until 
recently,  nearly  all  SiC  semiconductor  research  was  carried  out  using  small 
irregular  a-SiC  crystals  that  were  sublimation  grown  by  either  the  industrial 
Acheson  process,’^  or  the  Lely  process.’’  Examples  of  Lely  crystals  are  shown 
in  Fig.  1.  These  crystals  were  not  only  small,  but  they  frequently  contained 
heterojunctions  due  to  a  multiple  polylype  structure.  They  were  not  suitable 
substrates  for  commercial  device  production.  Because  of  this  lack  of  suitable 
substrates,  interest  in  SiC  waned  in  the  1970s.  During  the  last  decade, 
progress  in  both  bulk  and  thin  film  growth  processes  have  revived  the  prospects 
for  SiC  semiconductor  technology. 


Boule  Growth 


The  growth  of  bulk  SiC  single  crystals  is  a  key  element  of  the  rapidly 
developing  SiC  semiconductor  technology.  Tairov  and  Tsvetkov’*'”  established  the 
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SiC  (2400*C) 
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Atmosphere: 
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Fig.  2.  Growth  chamber 
for  the  modified 
sublimation  process. 


basic  principles  of  a  "modified  sublimation”  bulk  growth  process  in  the  late 
1970s.  Although  other  research  groups  were  somewhat  slow  in  adopting  this 
process,  it  is  now  being  developed  by  many  labs  throughout  the  world.’* 

The  basic  elements  of  the  modified  sublimation  process  are  shown  in  Fig. 
2,  which  is  a  schematic  diagram  of  the  configuration  used  by  Ziegler  et  al . ’* 
Nucleatior  takes  place  on  a  SiC  seed  crystal  located  at  one  end  of  a 
cylindrical  cavity.  A  temperature  gradient  is  established  within  the  cavity 
such  that  the  polycrystalline  SiC  is  at  approximately  2400'’C  and  the  seed 
crystal  is  at  approximately  2200‘’C.  At  these  temperatures  and  at  reduced 
pressure  (Ar  at  200  Pa),  SiC  sublimes  from  the  source  SiC  and  condenses  on  the 
seed  crystal.  Growth  rates  of  a  few  mm/h  can  be  achieved.  In  some  boule  growth 
systems,  the  seed  crystal  is  at  the  top  of  the  cavity  and  growth  proceeds 
downward.  This  eliminates  some  problems  of  contamination  of  the  growing  boule. 

The  modified  sublimation  process  has  been  used  to  grow  both  4H  and  6H 
boules . Its  successful  application  to  the  3C  polytype  has  not  been  reported. 
Techniques  for  cutting  and  polishing  wafers  have  been  developed  and  at  least 
one  company”  is  now  marketing  25 -rom-diameter  polished  6H-SiC  wafers;  wafer 
diameters  up  to  44  mm  have  been  achieved. 


Thin  Film  Growth  on  Non-SiC  Substrates 


Because  of  the  lack  of  high-quality  SiC  substrates  for  many  years, 
efforts  were  made  to  grow  SiC  thin  films  on  non-SiC  substrates  that  might  be 
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suitable  for  commercial  device  fabrication.  Early  in  the  1980s,  large-area 
single-crystal  3C-SiC  was  achieved  on  (001)  Si  substrates This  created 
renewed  interest  in  SiC  and  many  research  groups  began  pursuing  this  growth 
approach.  Unfortunately,  the  3C  films  grown  on  Si  had  a  high  defect  density, 
which  included  stacking  faults,  microtwins,  and  a  defect  known  as  inversion 
domain  boundaries  (IDBs),  also  known  as  antiphase  boundaries  (APBs).^^  These 
defects  may  be  caused  by  the  20%  lattice  mismatch  between  the  Si  and  SiC,  or 
perhaps  by  the  nucleation  process.  Further  work  demonstrated  that  the  IDBs 
could  be  eliminated  bv  using  vicinal  (001)  Si  substrates  with  tilt  angles  in 
the  range  0.5°  to  4°."'^^  But,  this  did  not  eliminate  the  stacking  faults  and 
other  defects;  hence,  devices  fabricated  from  these  3C  films  have  not  achieved 
satisfactory  performance. 

In  order  to  eliminate  the  problems  caused  by  a  large  lattice  mismatch, 
TiC^  (less  than  1%  mismatch)  substrates  were  investigated.^^  Somewhat  improved 
growth  was  reported,  but  great  difficulties  in  producing  defect-free  single¬ 
crystal  TiC,  has  hindered  its  use  as  a  substrate  for  SiC  growth. 

The  remainder  of  this  paper  will  describe  only  results  achieved  using  SiC 
substrates. 


Thin  Film  Growth  on  6H-SiC  Substrates 


Early  SiC  CVD  processes,  using  Acheson  or  Lely  crystals,  typically 
required  temperatures  above  1550°C.^^’^®  This  growth  was  carried  out  on  the 
(0001)  SiC  basal  plane,  either  the  Si  face  or  C  face.  In  1973,  it  was  found 
that  6H-SiC  could  be  grov.n  on  6H-SiC  in  the  temperature  range  1320-1390°C  when 
the  growth  direction  was  perpendicular  to  the  [0001]  direction.^  The 
significance  of  this  "90°-off-axis"  was  not  appreciated  until  much  later. 
Recently,  (1)  3C-SiC  films  were  achieved  on  the  basal  planes  of  6H-SiC  in  the 
range  1350-1550°C,’°'^^  and  (2)  6H-SiC  films  were  achieved  on  "off-axis"  6H-SiC 
substrates  that  were  oriented  several  degrees  off  the  basal  plane. All 
of  the  above  growth  results  were  achieved  on  Acheson  or  Lely  crystals.  More 
recently,  high  qual ity  6H-SiC  films  were  also  grown  on  "off-axis"  6H-SiC  wafers 
that  were  produced  from  sublimation-grown  boules.^ 


Epitaxial  Growth  Models 

To  explain  the  success  of  the  6H  CVD  at  lower  temperatures  using  "off- 
axis"  6H-SiC  substrates,  a  model  was  suggested’^'^’  whereby  the  density  of 
atomic-scale  steps  on  a  vicinal  (0001)  6H  substrate  determines  the  polytype  of 
the  grown  film.  Refer  to  Fig.  3,  a  schematic  cross-sectional  view  of  a  vicinal 
(0001)  SiC  crystal.  The  step  density  increases  and  the  width  of  terraces 
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between  steps  decreases  as  the  tilt  angle  of  the  growth  surface  increases. 
According  to  the  model,  at  tilt  angles  greater  than  1.5°,  arriving  Si  and  C 
atoms  can  easily  migrate  to  steps  where  lateral  growth  occurs  parallel  to  the 
basal  plane.  In  this  case,  grown  films  assume  the  ABCACB...  stacking  sequence 
of  the  6H  substrate.  However,  at  smaller  tilt  angles  (i.e.  <  1.5°),  terraces  are 
larger  and  migration  of  Si  and  C  atoms  to  the  steps  is  less  likely.  Instead, 
nucleation  of  3C  occurs  on  the  terraces.  Depending  on  which  terrace  is  the  site 
of  nucleation,  either  the  ABC...  or  the  ACB...  stacking  sequence  of  the  3C 
polytype  can  occur.  Coalescence  of  islands  of  both  sequences  create  the  double 
positioning  boundaries  (DPBs)  that  are  commonly  seen  in  3C  films  grown  on  6H 
substrates.  Also  according  to  the  model,  6H  films  are  achieved  on  the  as-grown 
faces  of  Lely  6H  crystals  (very  low  tilt  angles)  at  1800°C  because  surface 
migration  is  more  active  and  the  Si  and  C  atoms  reach  the  growth  steps. 

Recent  results  at  NASA  Lewis”  demonstrate  that  the  above  model^^'“  is  not 
sufficient  to  explain  the  control  of  polytype  in  the  CVQ  growth  on  low-tilt- 
angle  vicinal  (0001)  6H-SiC  substrates.  In  these  results,”  6H  films  were  grown 
on  vicinal  (0001)  6H  substrates  with  tilt  angles  as  small  as  0.1°.  In  addition, 
3C  growth  was  intentionally  produced  on  the  low-tilt-angle  substrates  by 
introducing  dislocations  in  the  substrates  with  a  diamond  scribe.  The  3C  growth 
proceeded  laterally  from  the  point  of  intentional  nucleation  in  a  direction 
perpendicular  to  the  growth  steps.  An  essential  part  of  this  new  result  was  a 
pregrowth  etch  that  eliminated  all  sites  of  unwanted  3C  nucleation.  A  new 
growth  model”  that  explains  the  growth  of  SiC  polytypes  on  vicinal  (0001)  SiC 
substrates  is  as  follows.  At  moderate  CVD  growth  temperatures  (1300  to  1500°C), 
Si  and  C  atoms  can  migrate  to  surface  steps  where  lateral  growth  occurs  even 
at  tilt  angles  as  small  as  0.1°.  In  this  case,  the  film  will  be  the  same 
polytype  as  -he  substrate.  If  there  are  defect  sites  on  the  surface  (e.g. 
dislocations,  contamination,  etc.),  then  3C  will  nucleate  at  these  sites 
because  3C  is  the  more  stable  polytype  at  these  lower  temperatures.  Evidently, 
atomic  steps  play  the  dominant  role  in  controlling  polytype  formation  at  larger 
tilt  angles  (e.g.  >  1.5°),  and  defects  are  dominant  at  smaller  angles. 


Thin  film  Growth  on  Lnw-Tilt-Anole  Vicinal  (0001)  6H-SiC  Wafers 

Based  on  the  new  growth  model”  described  in  the  previous  section,  3C 
films  with  significantly  reduced  defect  density  have  been  grown  on  6H 
substrates.’ The  following  is  a  summary  of  this  process.  Vicinal  (0001)  6H 
substrates,  with  tilt  angles  in  the  range  0.1°  to  0.5°,  were  cut  from  commercial 
wafers."  The  surface  of  the  substrates  were  divided  into  1 -mm- square  mesas  with 
a  dicing  saw  as  shown  in  Fig.  4.  The  tilt  direction  was  along  a  diagonal  with 
highest  atomic  plane  at  the  upper  right  of  each  mesa. 


Fig.  4.  6H-SiC  substrate 
(0.5°  tilt  angle)  with  1-mm- 
square  mesas.  Dark  regions 
are  3C  films;  light  regions 
are  6H  films. 
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Prior  to  growth,  the  6H  substrates  were  subjected  to  an  HClVHj  gaseous 
etch  at  1375°C  for  25  min  to  remove  unwanted  3C  nudeation  sites.  The  substrates 
were  then  removed  from  the  growth  chamber  and  exposed  a  non -clean  laboratory 
environment.  They  were  then  returned  to  the  growth  chamber.  The  SiC  films  were 
grown  at  atmospheric  pressure  using  silane  and  propane  as  the  sources  of  Si  and 
C,  respectively.  The  resulting  8-/im-thick  film,  shown  in  Fig.  4,  was  oxidized 
to  distinguish  the  3C  and  6H  regions.  Differences  in  oxidation  rates  produce 
contrasting  interference  colors  between  3C  and  6H. 

A  SiC  film  grew  uniformly  in  thickness  on  each  mesa.  Initial  growth  was 
mostly  6H.  It  is  presumed  that  this  growth  was  due  to  lateral  growth  from 
atomic  steps  on  the  surface.  In  many  of  the  mesas,  3C  nucleated  on  the  highest 
atomic  plane  (upper  right  in  Fig.  4)  and  then  grew  laterally  over  the  mesa  from 
3C  steps  generated  at  this  point.  In  this  case,  the  extent  of  lateral  growth 
was  consistent  with  the  amount  of  vertical  growth  (8  pm)  and  the  tilt  angle  of 
0.5°.  Most  of  the  3C  regions  were  free  of  DPBs  and  had  a  reduced  density  of 
stacking  faults  compared  to  previous  3C  growth  on  6H.  As  yet,  we  don't  fully 
understand  the  3C  nudeation  process,  but  believe  that  contamination  plays  a 
role  in  this  case. 

It  is  hoped  that  this  process  will  be  the  basis  for  producing  useful  3C 
devices. 


DEVICE  FABRICATION  TECHNOLOGY 

Much  of  the  technology  required  to  produce  working  electronic  circuits 
in  SiC  is  directly  importable  from  well -developed  silicon  processing 
technologies.  Hence,  the  jump  to  higher  levels  of  integration  should  not  be 
exceedingly  difficult  after  individual  SiC  devices  are  mastered.  Standard 
techniques  for  photolithographic  pattern  definition  and  material  (dielectrics, 
metals,  etc.)  deposition  are  directly  applicable  to  the  fabrication  of  SiC 
device  structures.  Doping  of  3C  and  6H  epilayers  to  achieve  n-  and  p-type 
material  can  be  controlled  during  epitaxial  growth,  so  a  variety  of  device 
structures  can  be  produced  in  a  relatively  straightforward  manner. 

Patterned  doping  of  SiC  can  be  accomplished  through  ion  implantation,  but 
this  is  usually  carried  out  at  elevated  substrate  temperatures  to  achieve 
proper  dopant  activation. Diffusion  of  dopants  into  SiC  is  not  practical  as 
diffusion  coefficients  are  negligible  at  temperatures  below  1800°C;  however, 
this  property  is  actually  an  advantage  during  high-temperature  operation 
because  dopants  will  not  redistribute. 

The  inherent  mechanical  strength  of  SiC  helps  prevent  wafer  breakage 
during  processing,  but  its  chemical  inertness  precludes  the  use  of  conventional 
wet  etching  at  room  temperature.  Satisfactory  etching  of  SiC  is  accomplished 
primarily  by  reactive  ion  etching  (RIE).“ 


BASIC  SiC  DEVICE  STUDIES 

6H-SiC  appears  to  be  the  most  attractive  polytype  for  developing  useful 
electronic  circuits  at  this  time,  but  this  is  simply  because  current  crystal 
growth  techniques  produce  substantially  higher  quality  6H  material  than  other 
SiC  pol^types.  With  unintentional  background  carrier  concentrations  in  the 
mid-io’^cm  ’  range  being  grown,*’  the  quality  of  epitaxial  6H-SiC  is  sufficient 
to  permit  fabrication  of  discrete  devices  and  small  integrated  circuits. 

A  variety  of  junctions  are  the  fundamental  building  blocks  of  any 
semiconductor  technology,  especially  as  it  pertains  to  transistor  performance. 
JFET's  (Junction  Field  Effect  Transistors)  and  BJT's  (Bipolar  Junction 
Transistors)  rely  on  p-type  to  n-type  junctions  (i.e.,  pn  junctions);  MESFET's 
(Metal  Semiconductor  Meld  Effect  Transistors)  rely  on  rectifying 
metal -semiconductor  junctions  (i.e.,  Schottky  junctions);  MOSFET's  rely  on 
insulator-semiconductor  junctions,  and  all  of  these  devices  require  ohmic 


contact  junctions.  It  follows  that  the  ultimate  performance  capabilities  of 
these  transistors  are  largely  dependent  on  the  ability  to  form  junctions  with 
desirable  characteristics.  Although  research  into  the  optimization  of  SiC 
junction  qualities  is  far  from  mature,  a  variety  of  early  experimental  6H-SiC 
devices  have  produced  some  tantalizing  results. 


Current, 
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Fig.  5.  IV  characteristics  of  6H-SiC  pn  junction  diode  tested  at  room 
temperature. 


In  the  case  of  the  pn  junction,  low  leakage  currents  and  high  reverse 
breakdown  voltages  are  desirable  in  most  applications.  Figure  5  shows  the 
room-temperature  current  vs.  voltage  (I-V)  characteristic  of  a  pn  junction 
diode  fabricated  in  epitaxially  grown  6H  SiC.“  The  ^  ^ 

doping  level  of  2  x  lO’^  cm’’  for  the  diode  n-region  demonstrates  the 
significantly  higher  breakdown  field  enjoyed  by  6H-SiC  over  Si  and  GaAs  (Table 
I).  This  10-fold  increase  in  field  strength  for  SiC  theoretically  translates 
into  considerable  improvements  in  the  characteristics  and  operating  regime  of 
many  power  semiconductor  devices. General  semiconductor  device  physics 
suggests  that  the  large  bandgap  (small  intrinsic  carrier  concentration)  of  SiC 
should  lead  to  greatly  reduced  pn  junction  leakage  currents.  Gardner  et  al 
have  reported  6H-SiC  pn  junction  leakages  which  are  orders  of  magnitude  smaller 
than  leakages  reported  in  similar  GaAs  structures. 

Besides  the  inherent  material  properties  outlined  previously,  perhaps  one 
of  silicon  carbide's  biggest  assets  is  its  ability  to  thermally  grow  a 
passivating  native  oxide  just  like  silicon.  When  SiC  is  thermally  oxidized  it 
produces  SiOj,  the  same  insulator  that  is  produced  when  pure  silicon  is 
thermally  oxidized.  The  importance  of  this  SiC  property  should  not  be 
underestimated  as  the  majority  of  all  integrated  circuits  (IC's)  are  based  on 
the  Si-SiOj  HOSFET  (Metal  Oxide  Semiconductor  Field  Effect  Transistor)  --  a 
device  which  relies  on  thermally  grown  silicon  dioxide.  Unfortunately  the  SiC 
MOS  devices  reported  to  date  suffer  from  the  same  major  problem  that  faced 
silicon  MOS  devices  in  the  1960's:  interface  states.  Dangling  bonds  and  surface 
disorder  at  the  semiconductor-insulator  boundary  give  rise  to  electrically 
active  defect  states.  These  defect  states  hinder  the  ability  of  the  MOSFET  to 
carry  current  (because  of  decreased  channel  carrier  mobilities),  and  cause 
charge  trapping  that  results  in  undesirable  threshold  voltage  instability.  It 
should  be  noted  that  these  interface  states  also  play  a  role  in  the 
characteristics  of  SiC  pn  junctions,  as  Gardner  et  al witnessed  a  substantial 
change  in  reverse  leakage  as  a  function  of  sidewall  oxide  quality. 

Early  experiments  have  suggested  that  SiC  devices  are  inherently  more 
radiation  tolerant  than  comparable  silicon  devices, but  wider  ranging 
radiation  tolerance  studies  are  currently  being  undertaken. 
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DRAIN  VOLTAGE  iV| 


Fig.  6.  Drain  IV  characteristics  of  an  iversion-mode  6H-SiC  HOSFET  tested  at 
650°C.  (Courtesy  of  Cree  Research  Inc.) 


SiC  TRANSISTORS:  CURRENT  PERFORMANCE  ISSUES 

Experimental  JFET's,  MOSFET's  (Fig.  6),  MESFET's,  and  BJT's  have  been 
fabricated  in  single  crystal  6H-SiC,  and  basic  operation  of  these  devices  at 
temperatures  as  high  as  650°C  has  been  demonstrated.^®  No  other  semiconductor 
material  has  shown  transistor  operation  at  this  temperature.  However,  these 
devices  exhibit  several  significant  shortcomings  which  pont  out  fundamental 
challenges  that  remain  to  be  solved  if  SiC  is  to  emerge  as  a  truly  superior 
semiconductor  for  high-temperature,  high-radiation,  and/or  high-power 
appl ications. 

At  650°C,  the  operational  lifetime  of  these  SiC  transistors  is  typically 
less  than  k  hour.  This  limitation  is  strictly  due  to  failure  of  non-optimized 
ohmic  contact  metallizations,  and  it  is  not  due  to  any  limitations  of  the  SiC 
semiconductor  itself.  Reliable  contacts  to  SiC  have  been  demonstrated  for  350°C 
operation,  but  a  crucial  area  of  continued  research  is  to  develop  ohmic 
contacts  that  will  remain  stable  at  temperatures  approaching  600°C  and  beyond. 
The  progress  that  is  made  in  obtaining  reliable  high-temperature  contacts  will 
largely  dictate  the  operational  temperature  ceiling  of  SiC  electronics.  Work 
is  also  progressing  on  reducing  parasitic  contact  resistances  (currently  above 
10®  ohm-cm^),  which  could  limit  the  current  carrying  capability  of  SiC 
transistors. 

The  overall  performance  of  many  SiC  transistors  reported  to  date 
(particularly  MOSFET's)  is  also  hindered  by  the  non-optimal  quality  of  the 
SiC-SiO,  interface  discussed  previously.  If  one  draws  upon  the  historical 
parallel  with  silicon  MOS  technology,  it  stands  to  reason  that  the  performance 
of  SiC  MOSFET's  should  improve  substantially  when  interface  state  densities  are 
reduced  from  their  current  levels  of  lO’®  '®  cm'®  to  the  lO’®  cm'®  densities  found 
in  modern  silicon  MOSFET's.  Substantial  progress  towards  this  end  has  been  made 
very  recently,  as  Brown  et.  al.‘’  reported  the  first  SiC-SiOj  MOS  capacitors 
with  interface  state  densities  of  less  than  5  x  10’°  cm'®. 


SiC  PROSPECTS 

Tremendous  strides  have  been  made  in  the  development  of  SiC  as  a 
semiconductor  for  high-temperature,  high-radiation,  and/or  high-power 
electronic  applications.  However,  some  crucial  issues  remain  to  be  solved 
before  the  true  performance  potential  of  SiC  electronics  can  be  realized.  Since 
wafer  size,  defect  density,  and  background  carrier  concentration  strongly 
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influence  the  scale,  yield,  and  capability  of  semiconductor  circuits  and 
devices,  advancements  in  bulk  and  epilayer  crystal  growth  will  continue  to 
profoundly  impact  the  development  of  SiC  electronics.  Clearly,  improvements 
need  to  be  made  in  the  areas  of  contact  metallization  and  SiC-SiOj  MOS 
properties.  It  is  the  authors'  opinion  that  the  resolution  of  these  key  issues 
and  subsequent  development  of  SiC  into  integrated  electronics  will  be 
substantially  accelerated  by  the  vast  knowledge  base  that  has  been  accumulated 
in  silicon  IC  technology. 
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ABSTRACT 

Both  SiC  and  ZnS  exist  in  the  cubic  diamond-like  (zinc  blende) 
structure.  A  polytype  is  derived  from  the  cubic  stacking  of  atomic 

double  layers  by  having  a  regularly  repeated  pattern  of  stacking  faults. 

Dozens  of  such  polytypes  are  known  for  SiC  and  ZnS. 

A  study  with  several  co-workers  has  been  completed  into  the  origin 
of  this  phenomenon.  Are  the  polytypes  genuine  stable  phases  frozen  in 
from  some  higher  equilibrium  temperature?  Or  are  they  inherently 
metastable  structures  born  of  some  growth  mechanism? 

Quantum  mechanical  calculations  have  shown  that  SiC  polytypes 
formed  from  bands  of  2  and  3  cubically  stacked  layers  have  a  lower 
energy  than  other  structures,  in  particular  lower  than  the  cubic  or 
wurtzite  structures.  That  already  suggests  that  the  polytypes  can  be 
stable  phases.  Further  calculations  of  the  phonon  free  energy  and 
relaxation  of  the  bond  lengths  rounds  out  the  phase  diagram.  In  this 

connection  it  is  somewhat  surprising  that  the  material  normally  grows 

initially  in  the  metastable  cubic  modification,  transforming  subsequently 
to  a  mixture  of  polytypes,  but  the  calculations  also  suggest  why  this  is  so. 

The  answers  for  ZnS  turn  out  to  be  different  from  those  for  SiC. 


1 .  INTRODUCTION 

The  purpose  of  this  review  is  to  summarise  the  results  of  a  lengthy 
research  project  by  several  people  |l-23|  concerning  the  origin  of 
polytypes  in  silicon  carbide  and  to  a  lesser  extent  zinc  sulphide.  It  will 
be  assumed  that  this  audience  will  know  what  is  meant  by  polytypes 
and  the  common  notation  for  them,  but  a  description  may  be  found  in 
several  of  the  main  references  17,  II,  12|.  Rather  fuller  reviews  than  the 
present  one  are  contained  in  references  [13,  16,  18,  21):  more  extensive 
references  will  be  found  there  and  in  the  original  research  articles. 

The  basic  issue  is  whether  polytypes  can  be  regarded  as  equilibrium 
structures,  i.e.  as  stable  phases  at  some  (presumably)  high  temperature  T 
from  which  they  have  been  quenched.  In  the  following  we  shall  confine 
our  remarks  to  SiC,  returning  to  ZnS  in  section  5.  The  structural 
transformation  of  SiC  is  so  slow  at  all  but  the  highest  temperatures  that 
no  proper  phase  diagram  exists  |24,  25  and  further  references  there). 
The  alternative  view  is  that  all  the  polylypes  except  one  (presumably 
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the  cubic)  are  only  metastable  at  all  T,  the  result  of  certain  growth 
processes.  Since  the  existence  of  a  material  implies  growth  of  some  kind, 
the  question  of  growth  kinetics  cannot  be  left  out  entirely.  But  the 
results  of  our  study  are  that  the  cubic  (3C)  SiC  is  not  the  stable  phase  at 
any  T  below  the  sublimation  point  at  2500°C.  That  incidentally  raises 
the  interesting  question  of  why  it  forms  so  commonly,  which  will  be 
addressed  in  section  4.  Instead  we  find  that  6H,  and  probably  4H  and 
15R,  are  stable  phases  at  some  T,  and  we  suggest  a  phase  diagram 
(sections  2.1  and  2.2).  We  can  only  make  some  speculative  remarks 
about  the  higher  polytypes  (section  2.3)  but  two  features  may  be 
susceptible  to  experimental  study.  Even  if  kinetics  determine  the  final 
outcome  of  a  growth  process,  the  material  must  presumably  be 
reasonably  close  to  being  a  stable  phase  for  it  to  form  at  all  at  high  T.  In 
section  3  we  consider  what  can  be  said  from  our  calculations  about  the 
physical  basis  for  polytypes  and  its  relation  to  other  properties  such  as 
magic  angle  spinning  (MAS)  nuclear  magnetic  resonance  (NMR). 

Our  study  used  ab  initio  quantum  mechanical  calculations  of  the 
total  energy  [6,  7,  9,  12|.  We  first  computed  the  energy  differences  of 
idealised  polytypes  at  T=0  with  perfect  tetrahedral  bonding.  We  then 
calculated  the  relaxations  from  such  idealised  structures.  To  obtain  the 
free  energies  at  higher  T  we  needed  the  phonon  spectra  which  were  also 
derived  from  such  ab  initio  calculations  in  the  absence  of  sufficient 
experimental  information  [8,  9|. 


2.  RESULTS  ON  SiC  POLYTYPES 


2.1  First  approximation:  energy  at  T=0 

Our  calculated  relative  energies  at  T=0  of  the  main  SiC  polytypes  3C, 
6H,  4H  and  2H  are  shown  in  figure  1,  with  those  for  Si  and  ZnS  for 
comparison  as  discussed  in  sections  3  and  5.  We  see  that  6H  and  4H 
have  the  lowest  energy,  equal  within  the  accuracy  of  our  calculations 
(-0.5  meV  per  SiC  pair  of  atoms).  The  3C  structure  has  significantly 
higher  energy  (-1.5  meV  per  SiC  pair).  The  2H  energy  is  muck  higher, 
consistent  with  it  being  formed  only  under  special  conditions  in  the 
presence  of  boron.  We  first  calculated  the  energies  of  the  idealised 
structures  with  perfect  tetrahedral  bonding  and  with  bond  lengths  equal 
to  that  of  the  cubic  structure  (6,7).  We  also  calculated  the  relaxation 
energies  of  the  non-cubic  polytypes  from  the  idealised  form,  involving 
relaxation  of  bond  angles,  bond  lengths  and  lattice  constants  [12].  The 
relaxation  energies  are  of  order  1  meV  and  are  included  in  figure  1. 

We  see  already  at  this  level  of  approximation  that  one  of  the 
polytypes  4H  or  6H  is  the  stable  structure  at  T=0  and  that  both  may  be 
stable  at  different  ranges  of  T.  The  same  presumably  applies  also  to  15R 
and  all  other  polytypes  consisting  of  bands  of  2  or  3  cubically  stacked 
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Figure  1.  The  relative  energies  of  various  polytypes  as  obtained  by 
ab  initio  calculations  at  T=0  for  Si,  SiC  and  ZnS. 


layers,  since  these  are  intermediate  structures  between  4H  and  6H,  At 
the  coarsest  level  of  approximation,  this  already  ’explains’  the  existence 
of  polytypes  and  why  they  consist  of  2-layer  and  3-layer  bands. 


2.2  Second  approximation:  phonon  free  energies 

The  phonon  spectra  of  the  various  polytypes  will  be  different 
because  of  the  difference  in  structure.  This  will  result  in  differences  in 
their  phonon  free  energies,  and  these  differences  will  vary  with 
temperature,  thus  opening  up  the  possibility  of  phase  transitions  if  the 
total  free  energy  difference  changes  sign.  We  write  the  total  free  energy 
difference  as 


G4h(T)  -  G6h(T)  =  (E4H  -  E6h)  +  (G4H  -  G6H)phonon. 


(1) 


S10 


where  the  first  bracket  on  the  right  is  the  energy  difference  at  T=0  and 
the  second  bracket  derives  from  the  phonons  including  the  phonon  zero- 
point  energy. 

Evaluating  the  phonon  free  energies  was  a  multi-step  process.  First 
a  rather  complete  picture  of  the  phonon  spectrum  of  the  cubic  structure 
was  obtained  by  ab  initio  calculation  of  the  frequencies  and  phonon 
eigenvectors  at  several  points  in  the  Brillouin  zone  |9].  This  spectrum 
was  analysed  in  terms  of  a  shell  model  known  to  give  good  results  for 
other  tetrahedrally  coordinated  semiconductors  |8|.  The  shell  model  in 
turn  was  applied  to  the  various  polytypes  to  give  their  phonon  spectra, 
from  which  the  phonon  free  energies  were  then  computed  (10,  ll|. 

The  main  result  is  that 


(G4H‘G6H  Iphonon  (2) 

is  positive  and  increasing  with  T,  being  of  order  0.1  meV  per  SiC  pair  at 
2I00°C.  This  indicates  that  6H  will  tend  to  be  the  stable  phase  at  high  T, 
as  is  consistent  with  most  experiments  (24,  25|.  We  cannot  be  more 
precise  because  we  do  not  know  the  value  of  the  first  bracket  in  (1) 

E4H'E6H-  (.3) 

We  know  it  is  zero  within  the  accuracy  (-  O.-i  meV  per  SiC  pair)  of  the  ab 
initio  calculations  of  section  2.1,  but  need  to  know  it  more  precisely  to 
construct  a  phase  diagram.  Since  4H  is  the  most  commonly  observed 
phase  after  3C  and  6H,  and  since  according  to  some  authors  it  is  more 
prevalent  at  lower  temperatures  [24,  2.SI,  we  consider  it  reasonable  to 
suppose  that  the  difference  (3)  is  negative  and  of  magnitude  -0.1  meV 
per  SiC  pair.  Then  the  free  energy  difference  (1)  goes  through  zero  at  To 
=  2100°C,  with  4H  being  stable  relative  to  6H  at  temperatures  below  To 
and  the  reverse  above  To  (111.  We  can  begin  to  construct  a  phase 
diagram  as  shown  in  figure  2,  but  we  emphasise  that  it  does  depend  on 
our  assumption  about  the  precise  value  of  (3). 


T 
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200“ 
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Figure  2.  Suggested  phase  diagram  for  SiC. 
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We  have  also  considered  the  next  more  complex  polytype  15R, 
or<23>  in  the  Zhdanov  notation.  Analysis  of  the  ab  initio  calculated 
energies  of  five  polytypes  [7|,  plus  some  theoretical  considerations  |15], 
suggest  that  the  energy  of  15R  is  simply  a  linear  interpolation  between 
the  energies  of  4H  and  6H,  apart  from  the  small  relaxation  energies 
which  are  a  bit  more  complicated  but  have  also  been  calculated  112J. 
We  can  therefore  write  down  Eisr  -  E^h.  We  have  also  calculated  the 
phonon  free  energy  of  15R  using  the  shell  model  already  described,  and 
therefore  have 


Gi5r(T)-G6h(T).  (4) 

If  Gi5r(T)  were  simply  a  linear  interpolation  between  GanfT)  and  G6n(T). 
then  (4)  would  also  be  zero  at  To  and  one  would  have  a  multiphase 
degeneracy  at  Tq.  However,  it  turns  out  the  phonon  part  is  not  a  linear 
interpolation,  in  fact  it  is  negative  compared  with  a  linear  interpolation, 
and  hence  (4)  is  negative  at  To-  Thus  on  our  phase  diagram  15R  would 
be  a  stable  intermediate  phase  around  To  between  4H  and  6H  as  shown 
in  figure  2.  In  fact  we  find  it  would  have  a  surprisingly  wide  stability 
region  which  we  estimate  to  be  of  order  200  degrees,  taking  into  account 
both  the  phonon  part  [11|  and  the  relaxation  effects  |12l. 

There  are  other  temperature  effects  which  we"  have  also  considered 
(10|,  In  particular  one  could  have  thermally  activated  kinks  on  the 
antiphase  boundaries  between  the  2-layer  and  3-layer  bands  of  cubic 
stacking,  which  the  polytypes  consist  of.  The  entropy  of  such  kinks  is 
almost  certainly  responsible  for  stabilising  long  period  stacking 
structures  in  some  metallic  alloys  at  high  T  126).  However,  the  activation 
energy  in  SiC  would  be  far  too  high  for  this  mechanism  to  be  significant 
in  our  case,  nor  are  such  kinks  seen  in  significant  numbers  on  electron 
micrographs.  We  were  left  with  the  conclusion  that  the  phonon  free 
energy  is  the  factor  driving  phase  stability  as  a  function  of  temperature 
110,  111. 


2.3  Speculations  about  higher  poivtvpes 

We  cannot  make  meaningful  calculations  on  polytypes  more  complex 
than  15R.  However,  we  can  make  some  speculations,  two  of  which  may 
be  susceptible  of  experimental  test,  based  on  some  general  theory  which 
exists.  There  exist  mathematical  models  which  go  through  an  infinite 
sequence  of  stable  polytype  phases  as  one  varies  a  parameter  such  as 
temperature  [26].  Such  an  infinite  sequence  is  called  a  devil's  staircase. 
Can  that  help  to  explain  the  observation  of  so  many  polytypes? 

The  first  comment  is  rather  simple.  We  are  only  considering 
polytypes  (the  great  majority)  consisting  of  2-bands  and  3-bands,  i.e. 
bands  of  2  or  3  cubically  stacked  atomic  double  layers.  We  can  count  the 
numbers  ni  and  ns  of  2-bands  and  3-bands  in  one  repeat  distance. 
Presumably  polytypes  like  <2333>  will  tend  to  be  formed  as  intermediate 
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phases  between  15R  (<23>)  and  6H  (<3>)  at  the  higher  temperature  phase 
boundary  in  figure  2,  i.e.  those  with  03  >  n2.  Similarly  at  the  lower  phase 
boundary  in  figure  2  we  expect  polytypes  with  nj  >  03.  We  wonder 
whether  careful  annealing  experiments,  with  or  without  stress,  may 
show  up  some  difference  like  that  with  temperature. 

The  second  comment  is  a  bit  more  complicated.  A  devil's  staircase 
arises  from  long  range,  repulsive  interactions  between  the  antiphase 
boundaries  between  successive  bands.  Although  the  devil's  staircase  has 
an  infinite  sequence  of  phases,  this  does  not  mean  that  'anything  goes':  it 
is  a  very  precisely  defined  sequence.  For  example  in  tables  of  known 
polytypes  one  always  finds  <232333>  but  not  <233>,  although  they  have 
the  same  ratio  of  02  to  n3.  This  is  what  would  be  expected  from  a 
phonon  free  energy  mechanism,  whereas  a  relaxation  mechanism  in  the 
sense  of  section  2.1  would  tend  to  give  the  opposite  result  |161.  This 
suggests  phonon  free  energy  is  playing  a  significant  role,  but  of  course 
there  may  be  another  explanation. 

Our  third  comment  concerns  the  possible  temperature  intervals  and 
free  energy  differences.  The  stability  range  of  15R  between  6H  and  4H 
turned  out  in  our  calculations  to  be  surprisingly  large,  namely  about 
200°  (figure  2),  though  we  emphasi.se  that  the  error  bars  in  this  estimate 
are  of  order  100%  and  that  the  whole  picture  depends  on  our  choice  for 
the  energy  difference  (3).  This  wide  range  arises  not  because  the  free 
energy  differences  are  large  but  because  4H  and  6H  are  themselves  so 
similar  near  Tq.  Similarly  if  the  higher  polytypes  are  stable  phases  at 
the  boundaries  of  15R  with  6H  and  4H  (figure  2).  one  may  expect 

significant  stability  ranges  in  temperature.  But  what  of  the  free  energy 
differences  between  such  polytypes?  These  would  be  tiny,  of  order  10  '' 

eV  or  less  per  SiC  pair  of  atoms.  This  is  much  smaller  than  ksT,  and 

people  often  wonder  how  it  can  influence  the  observed  structure.  The 
point  is  that  it  is  wrong  to  compare  ksT  with  the  energy  differences  per 
atom.  For  example  in  aluminium  metal  the  stacking  fault  energy  per 
atom  at  the  fault  is  less  than  keT.  but  the  material  has  no  difficulty 
knowing  it  has  to  grow  in  the  fee  structure!  The  point  in  SiC  is  that  there 
are  very  strong  forces  in  the  lateral  tetrahedral  bonding  within  one 

layer.  One  therefore  never  has  one  atom  or  pair  of  atoms  being 
misoriented:  it  has  to  be  a  large  area  of  layer.  One  therefore  has  to 
consider  the  energy  to  reorient  a  large  area,  and  compare  it  with  ksT  in 
the  Boltzmann  factor.  If  the  area  is  of  order  10*  atoms,  then  even  a  free 
energy  difference  of  10-*  eV  per  atom  becomes  very  significant.  We 
therefore  see  no  difficulty  of  principle  in  such  small  free  energy 
differences  asserting  themselves  in  observed  phase  equilibria. 

Finally  we  return  to  the  point  in  section  1  that  we  cannot  ignore  the 
actual  growth  or  transformation  processes.  A  mechanism  for  this  has 
been  considered,  particularly  by  Pirouz  |28,  29),  It  is  not  clear  how  free 
energy  differences  can  translate  into  actual  atomic  forces  driving  such  a 
mechanism,  but  in  general  terms  we  suppose  that  the  polytypes  would 
not  grow  so  significantly  unless  they  were  at  least  nearly  equilibrium 
structures. 
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3.  ANALYSIS 

So  far  we  have  presented  our  calculations  simply  in  terms  of 

numerical  results.  We  return  to  the  lowest  level  of  polytype  energies  in 
section  2.1  and  now  present  some  analysis  and  insight  derived  from 

them. 

Each  successive  SiC  atomic  double  layer  can  be  placed  in  two 
orientations  (conveniently  called  -r  and  -)  on  the  layers  below  to  build  up 
the  structure.  The  cubic  structure  would  be  all  +  or  all  -  layers.  We  can 
analyse  the  calculated  polytype  energies  in  terms  of  interactions  Jn 

between  two  layers  n  apart,  l.e.  the  layers  give  an  energy  contribution  - 

Jn  if  they  have  the  same  sign  or  +]„  if  opposite  sign. 

To  get  unusual  structures,  even  4II  and  6H,  requires  interactions  Jn 
that  are  moderately  long  ranged  up  to  n=3  and  oscillating  in  their  sign. 
Where  do  these  come  from?  In  metals  such  oscillatory,  long  range 
interactions  are  standard,  the  Friedel  oscillations.  Mott  and  Jones  |27| 
already  pointed  out  in  the  1930's  that  in  some  respects  the  tetrahedrally 
coordinated  semiconductors  are  not  so  different  from  metals.  The  total 
band  width  of  the  valence  band  to  the  centre  of  the  band  gap  is  nearly 
that  of  a  free  electron  gas.  and  half  the  vertical  band  gap  (the 
appropriate  measure)  is  only  a  small  fraction  of  the  occupied  band  width. 
Our  numerical  estimates  show  that  the  .In's  in  SiC  arc  the  remnant  in  the 
semiconductor  of  what  would  be  Friedel  oscillations  in  metals,  down  in 
magnitude  by  about  an  order  of  magnitude  due  to  the  semiconducting 
character  ll.*)!. 

Analogous  effects  with  similar  range  can  be  seen  in  other  properties 
of  the  semiconductors  including  SiC  IL'il.  These  include  phonons  |151. 
atomic  relaxations  112),  and  electron  densities  around  the  antiphase 
boundaries  between  bands  as  seen  in  MAS-NMR  |1Q.  20|. 

We  can  be  more  specific.  Let  us  ignore  Jy  as  being  quite  small.  In 
both  Si  and  SiC,  the  Ji  is  positive  and  Jt  negative.  In  that  sense  there  is 
nothing  special  about  SiC.  What  is  special  can  be  seen  from  figure  3 


^  -l_ - ... 

I _ I 

I _ I 


Figure  3.  Antiphase  boundary  between  layers  of  +  and  -  signs. 
Across  the  boundary  there  is  one  pair  of  nearest  neighbour  layers 
(curved  link,  above),  and  two  pairs  of  second  neighbours  (square 
link,  below). 
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showing  a  sequence  of  layers  with  +  and  -  orientations  with  an  antiphase 
boundary  in  between.  The  energy  of  the  boundary  can  be  seen  to  be 

Ebouni-  =  2(Ji+  2  J2).  (5) 

The  reason  for  the  coefficients  can  be  seen  from  figure  3:  across  the 
boundary  there  is  one  reversed  J|  interaction  vcurved  link)  and  two 
reversed  J2  interactions  (square  link).  In  SiC  the  magnitudes  of  Ji  and  Js 
happen  to  be  such  that  they  very  nearly  cancel  in  (5)  16,  1\.  There  does 
not  seem  to  be  any  reason  why  the  cancellation  should  be  so  good  in  this 
case. 


4.  THE  GROWTH  OF  CUBIC  SiC 

We  return  to  the  issue  already  mentioned:  if  SiC  is  not  the  stable 
phase  at  any  temperature,  then  why  does  it  grow  so  readily?  Indeed 
there  is  some  evidence  that  under  some  conditions  producing  the  611 
polytype,  the  cubic  form  crystalises  first  and  then  converts  fairly  quickly 
to  6H.  Of  course  crystal  growth  is  a  non-equ.'librium  kinetic  process  so 
that  there  is  no  real  contradiction  with  our  results  in  section  2.1. 
Nevertheless,  all  the  polyty^e  structures  are  so  similar  that  one  might 
expect  crystallisation  to  give  the  thermodynamically  stable  phase  at  the 
temperature  of  crystallisation. 

Some  insigh*  -'an  be  gained  from  the  analysts  of  section  3  |17|.  The 
conclusions  are  tentative  because  all  the  calculations  so  far  relate  to  bulk 
structures,  not  to  surfaces.  The  latter  are  now  planned. 

Figure  4  shows  a  sequence  of  layers  of  various  signs,  terminating 
with  a  +  layer  at  the  surface.  We  are  going  to  consider  an  extra  layer 
being  added  at  the  surface  in  the  course  of  crystal  growth.  It  is  shown  in 
brackets  in  figure  4,  and  we  will  consider  the  energy  difference  between 
adding  it  with  +  or  -  sign.  To  be  precise,  let  the  energy  be  Eo  -  Js  for 
adding  the  new  layer  with  the  same  sign  as  the  top  layer,  and  E(,  +  for 
adding  it  with  opposite  sign.  Here  Eo  is  the  average  cohesive  energy  per 
layer  and  ±  Js  gives  the  orientational  dependence.  e  can  express  Js  in 
terms  of  the  Jn  as  before: 

Js  =  J|  ±  Js  (6) 

where  the  ±  depends  on  the  orientation  of  the  next  layer  down.  The 
point  is  that  the  coefficient  of  the  J2  term  is  unity  in  (6),  as  distinct  tVom 
2  in  (5).  This  is  clear  from  figure  4  where  we  have  used  curved  and 
square  links  to  denote  J|  and  J2  interactions  in  the  same  way  as  in  figure 
3.  'The  difference  arises  because  in  figure  4  w'e  are  at  the  surface,  not  in 
the  bulk.  Now  if  (5)  is  nearly  zero  as  already  di.scusscd,  with  Ji  positive, 
then  Js  in  (6)  has  to  be  positive,  at  least  of  magnitude  ''2  J]  no  matter 


--■  + 
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Figure  4.  Semi-infinite  crystal  on  the  left,  with  layers  of  various  + 
and  -  orientation  at  the  surface.  An  extra  layer,  of  orientation  to  be 
determined  and  denoted  by  (+),  is  being  added  at  the  surface. 


whether  the  coefficient  of  the  J2  term  is  ±1  in  (6).  This  shows  that  it  is 
energetically  favourable  for  the  new  layer  to  have  the  same  orientation 
as  the  preceding  top  layer.  That  automatically  results  in  all  layers 
growing  with  the  same  sign.  i.e.  a  cubic  crystal  117]. 

We  see  therefore  that  the  growth  of  the  cubic  form  of  SiC  receives  a 
natural  explanation  in  terms  of  our  Jn.  Note  our  implicit  assumption, 
that  the  new  layer  goes  down  into  a  situation  of  constrained  equilibrium. 
We  assume  it  goes  down  with  the  orientation  having  the  lower  energy, 
but  without  allowing  any  rearrangement  of  lower  layers  in  the  crystal  to 
give  a  global  energy  minimisation.  One  presumes  that  the  rate  of  such 
larger  scale  rearrangement  would  be  slow  compared  with  the  rate  of 
adding  new  layers,  at  least  under  conditions  giving  the  3C  form. 

As  already  remarked,  our  scenario  of  the  growth  is  tentative 
because  it  is  not  valid  just  to  take  the  Jn  values  from  the  bulk  and  use 
them  at  the  surface:  there  are  extra  surface  terms  |151. 


.*>.  POLYTYPES  IN  ZnS 

The  situation  in  ZnS  is  different  from  SiC  in  two  regards.  Firstly,  the 
maximal  energy  difference  between  the  difference  between  the  2H  and 
.3C  polytypes  is  a  factor  of  five  smaller  than  in  Si.  a  factor  of  three 
smaller  than  in  SiC,  as  shown  in  figure  1  |22|.  Thus  all  polytypes  have 
more  nearly  the  same  energy  than  in  SiC,  and  this  is  consistent  with 
there  being  a  large  number  of  observed  polytypes  with  very  varied 
stackings:  they  are  not  confined  to  a  special  family  as  the  SiC  ones  are 
more  or  less  lO  sets  of  2-bands  and  .3-bands.  Secondly  there  is  a 
reversible  transition  from  the  3C  structure  at  lew  temperature  to  the  211 
structure  above  1024°C.  From  this  and  the  energy  differences  of  figure  1 
we  deduce  that  the  temperature-dependent  part  of  the  free  energy  is 
much  larger  in  ZnS  than  in  SiC,  with  differences  of  order  3meV  between 
polytypes  instead  of  0.1  meV.  There  has  not  been  any  research  on 
whether  this  free  energy  is  due  to  phonons  or  possibly  some  roughening 
disorder  of  the  boundaries.  The  latter  is  much  more  efficient  at 
generating  entropy  differences.  In  this  connection  it  may  be  worth 
noting  that  a  computational  study  of  Pbl2  also  ascribes  its  polytype 
transition  to  phonon  free  energy  differences  1.301.  The  fact  that  the  free 


energy  differences  in  ZnS  are  more  than  in  SiC  is  consistent  with  the  fact 
that  the  phase  transition  between  2H  and  3C  goes  quite  easily  and  is 
reversible. 

We  can  carry  the  analysis  one  step  further.  The  calculations  122) 
and  the  way  the  6H  and  4H  energies  in  figure  1  interpolate  linearly 
between  those  of  2H  and  3C,  show  that  Ji  is  non-zero  but  all  other  J,,  are 
negligible.  If  we  assume  that  the  temperature-dependent  free  energy 
differences,  whatever  their  origin,  are  also  more  or  less  completely 
confined  to  Ji,  then  at  the  transition  at  I024“C  we  would  literally  have  a 
multiphase  degeneracy  with  all  possible  stackings,  regular  and  irregular, 
having  equal  free  energy.  This  is  a  fair  summary  of  what  is  observed,  at 
least  under  some  conditions  [22,  231. 

Engel  has  considered  the  polytypes  observed  in  ZnS  whiskers  (231. 
These  seem  to  have  at  their  centre  a  screw  dislocation  with  fairly  large 
Burgers'  vector,  as  shown  by  the  fact  that  different  stacking  sequences 
are  observed  along  one  whisker  but  with  the  same  repeat  distance.  It 
has  been  suggested  (see  Reference  23  and  references  there)  that  in  such 
a  whisker,  the  phase  transformation  on  coming  down  in  T  is  nucleated  at 
several  sites  from  whence  it  spreads  until  the  domains  collide  and 
overlap.  New  stacking  faults  can  propagate  fast  or  slow  according  to 
whether  the  corresponding  energy  change  involves  Ji  or  not.  The 
observed  statistical  distribution  of  polytypes  can  be  accounted  for  very 
well  in  this  way  [23|. 
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ABSTRACT 

Monocrystalline,  epitaxial  cubic  (100)  SIC  films  have  been  grown  on 
monocrystalline  (100)  Si  substrates  at  750°C,  the  lowest  epitaxial  growth  temperature 
reported  to  date.  The  films  were  grown  by  low-pressure  chemical  vapor  deposition, 
using  methylsilane,  SiCHjHj,  a  single  precursor  with  a  Si:C  ratio  of  1  ;1 ,  and  Hj.  The 
films  were  characterized  by  means  of  transmission  electron  microscopy,  single-  and 
double-crystal  X-ray  diffraction,  infra-red  absorption,  ellipsometry,  thickness 
measurements,  four-point  probe  measurements,  and  other  methods.  Based  on  X-ray 
diffractometry,  the  crystalline  quality  of  our  films  is  equivalent  to  that  of  commercial 
films  of  similar  thickness.  We  describe  the  novel  growth  apparatus  used  in  this  study 
and  the  properties  of  the  films. 


INTRODUCTION 

SiC  is  the  leading  semiconducting  candidate  material  for  use  in  electronic  and  opto¬ 
electronic  devices  and  circuits  designed  to  operate  at  300-700°C  and  above.  SiC  is 
particularly  attractive  for  high  power,  high  frequency  and  high  radiation  applications, 
since  its  carrier  saturation  velocity,  breakdown  electric  field,  thermal  conductivity  and 
tolerance  to  ionizing  radiation  are  significantly  superior  to  those  of  Si  and  GaAs  [1]. 
SiC  exists  in  the  cubic.  B  phase,  as  well  as  in  about  170  hexagonal  polytypes, 
commonly  grouped  under  the  a  phases.  Each  phase  has  a  somewhat  different 
bandgap  and  different  carrier  mobilities.  The  bandgap  of  B-SiC  is  the  lowest:  2.35  eV 
at  room  temperature. 

Bulk,  high-purity  and  high-quality  monocrystalline  SiC  is  not  commercially  available 
in  sizes  greater  than  2.5  cm.  In  addition,  the  ability  to  form  epitaxial  SiC  films  is 
desirable  in  the  manufacture  of  integrated  circuits.  Thus,  there  have  been  efforts  to 
deposit  SiC  epitaxially  on  other  substrates  [2],  primarily  Si,  which  is  available  in  sizes 
up  to  20  cm.  Epitaxial  SiC  films  have  been  grown  on  Si  despite  the  20%  difference 
in  the  room-temperature  lattice  parameters  of  the  two  materials:  a^lSiC)  =  4.3596  A, 
ao(Si)  =  5.4301  A.  Film  formation  methods  have  included  chemical  vapor  deposition 
(CVD),  molecular  beam  epitaxy,  sputtering  and  laser  ablation.  Most  SiC  films 
deposited  on  Si  which  have  been  used  for  devices  were  grown  by  atmospheric 
pressure  CVD  at  temperatures  of  1 300-1 380°C,  using  separate  precursors  for  Si  and 
C,  e  g.,  SiH4  and  CgHg.  Some  processes  use  chlorinated  precursors,  e  g.  SIHClj  [3], 
which  produce  highly  corrosive  HCl.  Such  high  growth  temperatures  are  undesirable, 
since  they  result  in  high  tensile  stress  and  crystalline  lattice  defects  in  the  SiC  film,  due 
to  the  difference  in  the  coefficients  of  thermal  expansion  of  SiC  (4.63x10  ®/°C  for  the 
B  phase)  and  Si  (4.16x10  ®/°C),  averaged  between  room  temperature  and  1380°C 
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[4,5].  Such  defects  and  strain  in  heteroepitaxial  films  are  known  to  degrade  the  carrier 
mobilities  and  increase  junction  leakage  currents  [6],  In  order  to  fabricate  electronic 
devices  in  the  top  =0.5  pm  region,  a  SiC  film  up  to  30  pm  thick  must  be  grown, 
requiring  a  relatively  long  deposition  run  of  -30  h.  High  growth  temperatures  may  also 
result  in  increased  autodoping  and  in  undesirable  smearing  of  dopant  distributions  and 
metal  contacts  In  underlying  heteroepitaxial  structures.  Significantly  lower  growth 
temperatures  are  thus  highly  desirable.  In  addition,  the  use  of  separate  precursors  for 
Si  and  for  C  in  the  growth  of  SiC  thin  films  may  result  in  small  departures  from 
stoichiometry  in  the  films,  leading  to  point  defects  (interstitials,  vacancies,  anti-site 
defects)  or  even  Inclusions  and  precipitates,  which  further  degrade  the  device 
characteristics.  Many  SiC  growth  procedures  also  use  a  surface  carbonization  step 
[7]  prior  to  deposition.  The  lowest  reported  growth  temperature  of  epitaxial,  single¬ 
crystalline  R-SiC  on  Si  for  device  applications  is  1000°C  [3],  where  epitaxy  was 
obtained  on  (ill)  Si  but  not  on  (100)  Si. 

We  have  grown  single-crystalline,  epitaxial  cubic  (100)  SiC  films  on  (100)  Si 
substrates  at  750-900°C  by  low-pressure  chemical  vapor  deposition,  using 
methylsilane,  SiCH3H3,  a  single  gaseous  precursor  with  a  Si:C  ratio  of  1:1,  and  Hj. 
These  epitaxial  growth  temperatures  are  the  lowest  reported  to  date.  No  surface 
carbonization  step  was  required  in  our  process.  The  films  were  grown  in  a  recently 
built,  versatile,  cold-wall,  high-purity  reactor,  described  below.  The  films  have  been 
characterized  by  means  of  transmission  electron  microscopy  (TEM),  single-  and 
double-crystal  X-ray  diffraction,  infra-red  absorption,  ellipsometry,  four-point  probe 
measurements,  thickness  measurements  (by  optical  means,  Dektak  profilometry  and 
Rutherford  backscattering  spectrometry),  and  other  methods. 


GROWTH  APPARATUS 

The  reactor  comprises  a  water-cooled,  electro-polished  stainless  steel  growth 
chamber,  depicted  schematically  in  Fig.1.  The  chamber  is  pumped  by  a  chemically- 
resistant  Alcatel  400  I/s  turbo-molecular  pump  (with  grease-lubricated  bearings), 
backed  by  a  190  ft^/min  Edwards  Roots  blower  in  series  with  a  48  ft^/min  Edwards  oil- 
free  rotary  pump  (model  DP-80).  The  base  pressure  without  bakeout  is  1x10'^  Torr. 
The  majority  of  the  vacuum  connections  are  made  with  Conflat®-type  knife-edge 
flanges.  There  are  eight  high-purity  mass-flow-controlled  gas  or  vapor  delivery  lines, 
built  with  electropolished  stainless-steel  tubing  and  mainly  VCR® -type  connectors  (the 
balance  are  Swagelok®  stainless-steel  fittings).  Each  line  can  be  evacuated  directly 
to  the  precursor  cylinder  valve  and  on  both  sides  of  the  mass  flow  controller  with  the 
Edwards  pumps  and  purged  with  high-purity  Ar.  The  output  of  every  gas  line  can  be 
directed  either  to  the  growth  chamber  or  to  the  backing  pumps  (run/vent  configuration). 
A  butterfly  throttle  valve  allows  control  of  the  pressure  in  the  chamber  by  varying  the 
flow  conductance  to  the  pumps.  The  vacuum  gate  and  gas  valves  are  electro- 
pneumatically  operated.  Safety  devices  include  excess  flow  valves  in  the  gas  lines  and 
an  oxidizing  furnace  connected  to  the  exhaust  of  the  dry  pump. 

The  chamber  incorporates  a  BN-encapsulated,  low-mass  graphite  resistive  heater, 
upon  which  the  substrate  is  placed.  The  temperature  of  the  film/substrate  is  measured 
in-situ  and  in  real-time  through  quartz  and  sapphire  windows  with  a  pyrometer 
operating  at  0.8-1 .1  pm.  The  pyrometer  readings  are  calibrated  by  using  Si  test  wafers 
having  K-type  embedded  thermocouples  (Sensarray,  Inc.).  The  reactor  has  other 
features  which  were  not  used  for  the  results  described  here. 
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Throttle  Valve 


Figure  1.  Schematic  diagram  of  the  cold-wall  growth  chamber, 


SUBSTRATE  PREPARATION  AND  FILM  GROWTH  PROCEDURE 

The  (100)  oriented,  p-type,  30-70  ft-cm  Si  substrates  are  degreased  in  an 
ultrasonic  cleaner,  dipped  in  a  10%  HF  solution  and  mounted  onto  the  heater.  After 
the  deposition  chamber  is  evacuated  and  purged  with  Ar,  the  wafers  are  heated  in 
flowing  at  about  900°C  in  order  to  remove  any  residue  of  the  native  surface  oxide. 
The  temperature  of  the  substrate  is  adjusted  to  the  desired  value  in  the  range  700- 
900°C  and  SiCHjHj  is  admitted  into  the  chamber.  The  ranges  of  total  pressure  in  the 
deposition  chamber  and  total  flow  rate  are  0.1-1  Torr  (13-133  Pa)  and  100-400  seem, 
respectively.  The  ratio  of  SiCHjHg  to  flow  rates  is  in  the  range  1  ;(40-1800).  At  the 
conclusion  of  the  growth  sequence,  the  precursor  flow  is  diverted  to  the  pump  and  the 
wafer  is  cooled  down. 


CHARACTERIZATION  RESULTS 

The  films  are  transparent  in  the  visible  and  have  a  refractive  index  of  2.6  at  0.6328 
pm,  equal  to  the  tabulated  value  for  cubic  SiC  (8).  The  depth-averaged  resistivity 
measured  with  a  high-sensitivity  four-point  probe  (Four  Dimensions,  Inc.)  is  in  the 
range  1-10  £i-cm  at  room  temperature.  The  infra-red  spectra  (see  Fig. 2)  present  a 
single  major  absorption  band  centered  at  775-790  cm  a  frequency  identical  to  that 
reported  for  bulk  SiC  [9],  The  deposition  rates  are  in  the  range  0.1-1  pm/h  (750- 
900°C),  depending  on  process  conditions,  and  they  increase  with  temperature.  The 
visual  appearance,  the  resistivity  and  the  infra-red  transmission  of  commercial  0.3  pm 
thick  (100)  SiC/(100)  Si  films  are  similar  to  those  measured  in  our  films. 


522 


Wavelength  (^m) 


2.5  4.0  6.0  8.0  10  20  50 


Wavenumber  (cm-^) 


Figure  2.  Differential  infra-red  transmission  spectrum  of  a  0.25  pm  thick,  epitaxial, 
(too)  I3-SiC  /  (100)  Si  sample,  grown  at  750°C,  vs.  (100)  Si. 


Single-crystalline,  cubic  (100)  oriented  films  are  obtained  at  temperatures  as  low 
as  750°C  under  the  present  experimental  conditions,  as  evidenced  by  plan-view  TEM 
studies;  see  Fig. 3.  Samples  were  thinned  for  TEM  by  polishing  and  dimpling  the  Si 
side  down  to  about  30  pm,  chemical  etching  in  a  5:3;3  solution  of 
HN03:HF:CH3C00H,  and  Ar  ion  milling  (to  perforation)  from  both  sides  at  3  keV  and 
12°.  The  spots  seen  in  the  selected  area  electron  diffraction  pattern  are  indexed  to  3- 
SiC.  The  contrast  seen  in  the  TEM  micrograph  is  associated  with  (a)  mass  contrast 
due  to  surface  roughness  (either  induced  by  ion  milling  during  sample  preparation  for 
microscopy  or  already  present)  and  (b)  diffraction  contrast  due  to  misoriented  regions 
(e  g.  possible  twinning)  surrounding  the  epitaxial  growth.  Stacking  faults  and  anti¬ 
phase  domains  could  be  seen  in  certain  diffraction  conditions.  There  was  no  clear 
indication  of  a  well  defined  dislocation  structure,  but  no  attempts  were  made  to 
characterize  the  SiC/Si  interface,  where  such  a  structure  could  be  prevalent. 

Standard  (6-20)  X-ray  diffractometer  scans,  an  example  of  which  is  given  in  Fig. 4, 
show  only  the  (200)  peaks  of  cubic  SIC  and  of  the  Si  substrate.  There  are  no  peaks 
at  the  angles  corresponding  to  the  (1 1 1)  and  (220)  diffraction  lines.  These  X-ray  data 
signify  the  films  are  epitaxial,  i.e.  have  the  same  orientation  as  the  Si  substrate, 
although  such  X-ray  scans  in  isolation  do  not  unambiguously  prove  single-crystallinity. 
In  the  present  case,  however,  these  X-ray  results  are  consistent  with  and  corroborate 
the  TEM  data,  which  by  themselves  prove  the  single-crystalline  nature  of  our  films. 

X-ray  rocking  curves  were  measured  with  a  two  circle  diffractometer  and  double¬ 
crystal  X-ray  spectrometer.  The  full-width-at-half-maximum  (FWHM),  Ato,  of  a  rocking 
curve  of  a  monocrystalline  film  is  a  semi-quantitative,  depth-averaged  measure  of  the 
concentration  of  defects  and  strain  in  the  film.  The  FWHM  usually  decreases  with 
increasing  film  thickness  in  heteroepitaxial  systems,  because  the  defect  concentration 
is  highest  at  the  film/substrate  interface  and  decreases  with  distance  away  from  the 
interface  [10].  The  FWHM  of  the  SiC  (400)  peak  of  a  0.25  pm  thick  film  grown  in  this 
laboratory  at  750°C  is  0.65°.  Similar  values  in  the  range  0.65-0.70°  were  measured 


Figure  3.  Plan-view  TEM  image  and  selected-area  diffraction  pattern  of  a  0.25  pm 
thick,  (100)  B-SiC  film  grown  on  (100)  Si  at  750°C. 
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Figure  4.  0-26  X-ray  diffraction  scan  of  a  0.25  pm  thick,  epitaxial,  single  crystalline 
(100)  (3-SiC  film  grown  on  (100)  Si  at  750°C.  The  three  vertical  marker 
lines  indicate,  from  left  to  right,  the  expected  positions  of  the  (111),  (200) 
and  (220)  X-ray  lines  of  13-SiC. 
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for  somewhat  thicker,  0.3  nm  commercial  (100)  SiC  films  grown  on  (100)  Si,  An 
additional  benchmark  is  obtained  by  comparison  with  the  silicon-on-sapphire  (SOS) 
system,  where  commercial  O.l^m  and  0.37  pm  thick,  (100)  epitaxial  silicon  films 
on(01 12)  sapphire  had  Aro  =  0.7”  and  0.5°,  respectively  [10].  SOS  films  have  been 
and  are  being  used  extensively  and  routinely  in  integrated  circuit  technology. 
Preliminary  results  indicate  that  the  crystalline  quality  of  our  SiC  films,  as  measured 
by  the  FWHM  of  the  X-ray  rocking  curve,  is  improved  by  decreasing  the  flow  rate  of 
SiCHjHg  or  increasing  the  deposition  temperature. 


SUMMARY 

Single-crystalline,  epitaxial  cubic  (100)  SiC  films  have  been  grown  on  (100)  Si 
substrates  at  750°C  by  low-pressure  chemical  vapor  deposition,  using  a  single  film¬ 
forming  precursor  -  methylsilane,  and  hydrogen.  This  epitaxial  growth  temperature  is 
the  lowest  reported  to  date.  Our  study  is  also  the  first  to  report  single-crystalline  SiC 
films  formed  from  methylsilane.  No  surface  carbonization  step  [7]  and  no  halogenated 
compounds  [3]  were  used  in  our  process,  which  is  therefore  much  simpler,  safer  and 
has  a  smaller  thermal  budget  than  other  existing  processes  for  deposition  of  SiC  films. 
Based  on  double-crystal  X-ray  diffractometry  measurements,  the  crystalline  quality  of 
our  films  is  equivalent  to  that  of  commercial  films  of  similar  thickness. 
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ABSTRACT 

A  low  temperature  process  of  silicon  carbide  deposition  using  the  pyrolysis  of  di-terl-butylsilane 
has  been  explored  for  formation  of  emitter  structures  in  silicon  heterojunction  bipolar  transistors. 
Near  stoichiometric  amorphous  silicon  carbide  films  were  achieved  at  775°C.  Doping  and  annealing 
of  these  films  resulted  in  resistivity  as  low  as  0.02  ohm-cm. 


INTRODUCTION 

Silicon  heterojunction  bipolar  transistors  (Si-HBTs)  have  been  investigated  for  potential 
application  in  BiCMOS  processes  in  order  to  optimize  the  performance  of  bipolar  transistors  and 
reduce  chip  power  density.  This  increases  flexibility  in  utilization  of  bipolar  transistors  beyond  I/O 
circuitry  and  high-load  drivers.  Although  single-crystalline  fi-SiC  has  been  useful  for  wide  band- 
gap  emitter  formation  in  Si-HBTs,  its  epitaxial  growth  involves  reaction  of  silanes  and  hydrocarbons 
at  temperatures  higher  than  1000°C.  Such  high  temperatures  are  undesirable  for  BiCMOS  processes 
and  in  particular  for  high  speed  bipolar  transistors  which  have  a  very  thin  (about  50  nm)  highly 
doped  base.  To  suppress  dopant  redistribution  in  the  base  during  emitter  formation,  low 
temperature  processes  of  amorphous  and  polycrystalline  SiC,  deposition  have  been  pursued  and 
reported[l  ,2].  One  such  method  involves  the  pyrolysis  of  di-tert-butylsilane(DTBS)[3).  In  this  paper 
we  report  preliminary  results  of  our  DTBS  process  intended  for  device  quality  n'-SiC  HBT  emitter 
formation. 


EXPERIMENTAL  PROCEDURE 


Liquid  DTBS  has  a  boiling  point  of  I28'’C  and  a  fairly  high  vapour  pressure  of  25  Torr  at  20°C 
allowing  gas  transfer  from  a  1.2  litre  stainless  steel  ampule  into  the  reaction  chamber  at  room 
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temperature.  Vapour  flow  control  was  accomplished  by  use  of  an  MKS  Model  1 1 50A  controller.  A 
hot-wall  LPCVD  furnace  was  used  for  pyrolysis  of  DTBS  in  the  pressure  range  of  0.35  to  1  Torr 
and  temperature  from  600  to  800“C.  Elimination  of  residual  oxygen  in  the  reaction  chamber  is 
critical  in  the  formation  of  stoichiometric  silicon  carbide  films.  This  was  done  by  flowing  argon, 
purified  by  a  point-of-use  Nanochem  system,  prior  to  and  during  the  deposition.  To  dope  the  SiC. 
emitter  with  phosphorus  we  also  incorporated  tert-butylphosphine{TBP)  in  the  SiC,  deposition 
process  by  injecting  TBP  vapour  from  a  liquid  source.  TBP  has  a  boiling  point  of  54°C  and  a  vapour 
pressure  of  141  Torr  at  10°C.  Both  undoped  and  doped  films  were  deposited  on  150mm  diameter 
p-type  8-15  ohm-cm  Si(lOO)  wafers  as  well  as  on  some  wafers  coated  with  300  nm  thick  silicon 
dioxide.  Some  of  the  films  were  annealed  (RTA)  in  nitrogen  ambient  in  a  rapid  thermal  reactor  in 
order  to  examine  the  film  crystallinity  as  well  as  resistivity.  The  experiments  carried  out  are 
outlined  in  the  following  sections; 

1 .  Undooed  SiC  films 

Experimental  runs  were  carried  out  to  examine  the  effect  of  varying  the  following  process 
parameters  on  the  deposition  rate,  stoichiometry,  and  film  quality; 

i)  Temperature;  550°C  --  800°C 

ii)  Pressure;  0.25  --  I  Torr 

iii)  Argon  flow  rate;  250  --  1000  seem 

iv)  DTBS  flow  rate;  250  --  350  seem 

2.  Doped  SiC,  films 

In  these  experiments  the  process  conditions  were  optimized  for  the  best  stoichiometric  SiC, 
films.  The  deposition  temperature  was  775"C.  and  the  pressure  was  0.35  Torr.  The  DTBS  and  argon 
flow  rates  were  250  and  500  seem  respectively.  Deposition  time  was  adjusted  to  obtain  films  with 
thicknesses  around  350  nm.  The  TBP  flow  rate  varied  from  130  to  340  seem.  For  film  resistivity 
measurements,  some  doped  films  were  deposited  on  a  300  nm  thick  layer  of  SiO,  grow  n  on  silicon 
substrate.  These  doped  films  were  annealed  for  10  sec  in  Nj  ambient  at  various  temperatures 
between  900”C  and  I200°C. 

The  SiC,  films  were  characterized  by  a  number  of  techniques.  Auger  electron  spectroscopy 
(AES)  and  elastic  recoil  detection  (ERD)  were  used  to  examine  the  stoichiometry.  The  film 
thickness  and  refractive  index  were  determined  by  ellipsometry  at  wavelengths  of  632.8  nm  and 
800.0  nm,  with  SEM  verification  of  thickness  in  most  cases.  FTIR  and  Raman  spectroscopy  were 
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employed  to  detect  the  existence  of  silicon-silicon,  carbon-carbun  and  silicon-carbon  bonds.  1  he 
crystallinity  of  the  films  was  examined  with  TEM  and  electron  diffraction  methods.  A  four-pc  nt 
probe  was  used  to  determine  the  film  resistivity. 


RESULTS  AND  DISCUSSIONS 


Without  the  use  of  Nanochem-purified  argon  in  the  process  there  was  always  five  to  ten  atomic 
percent  of  oxygen  in  the  SiC,  films.  Oxygen  is  known  to  form  generation-recombination  centres 
that  can  increase  junction  leakage;  therefore  every  attempt  was  made  to  reduce  the  oxygen  content 
of  the  films.  AES,  ERD,  and  FTIR  results  indicated  the  absence  of  any  detectable  le\el  of  oxygen 
in  the  bulk  of  films  that  were  deposited  with  the  process  which  incorporates  Nanochem-purified 
argon.  Little  effect  on  stoichiometry  was  seen  with  argon  flow  rate  varied  from  250  to  1000  seem. 
The  following  discussions  refer  to  films  without  detectable  oxygen  content  achieved  in  this  way 


The  SiC  film  grown  at  is  nearly  stoichiometric  as  determined  by  AES.  Tvpical  film 

growth  rate  at  775‘’C  is  18  nm/min.  Figure  1  indicates  that  the  stoichiometry  of  these  films  is 
heavily  dependent  on  deposition  temperature.  At  temperatures  above  775X,  the  film  is  carbon- rich 
with  Si/C  ratio  being  0.7  at  SOO^C,  while  be'ow  775X  the  film  is  silicon-  rich  w  ith  Si.  C  ratio  being 
1.9  at  700^C.  The  stoichiometry  does  not  appear  to  be  significantly  dependent  on  any  other  variable. 


Figure  1.  Stoichiometry  of  undoped  SK\  films  versus  deposition  temperature. 
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ERD  data  show  that  hydrogen  content  in  these  films  is  2  to  4  percent.  Si-C  bonding  (765  cm  ') 
was  revealed  in  FTIR  spectra  for  ail  SiC,  films,  whereas  Raman  spectra  indicated  that  films 
deposited  at  temperatures  below  750”C  were  predominantly  amorphous  silicon. 

At  wavelengths  of  632.8  and  830.0  nm  where  SiC  film  may  be  considered  transparent  w  ith  >40  "'!> 
optical  transmissionl4],  the  ellipsometry  measurement  yielded  a  refractive  index  of  2.7  for  all  SiC^ 
films  deposited  at  775°C.  This  is  close  to  the  reported  value  of  2.64  for  monocrystalline  SiC  [5.6]. 

The  DTBS  flow  rate  is  seen  to  affect  the  deposition  rate  only.  In  general,  at  constant 
temperatures,  lower  DTBS  flow  rates  causes  a  lowering  in  the  deposit  on  rate  (Figure  2).  The 
physical  quality  of  the  films  appears  to  be  dependent  on  the  gas  pressure  during  deposition.  While 
films  deposited  at  pressure  from  0.35  to  0.5  Torr  adhered  well  to  the  substrates,  those  deposited  at 
1  Torr  were  flaky. 


Figure  2.  Deposition  rate  of  undoped  SiC,  films  at  TOO^C  *crsus  DI  BS  flow  rate. 

Doped  films.  300  --  370  nm  thick,  deposited  on  oxidized  silicon  substrates,  were  annealed  and 
exhibited  resistivities  in  the  range  of  0.02  to  0.34  ohm-cm.  The  lowest  value  of  0.02  ohni-cm  was 
achieved  for  films  annealed  by  RTA  at  1  lOOX.  The  ratio  of  resistivities  after  and  before  R  l  A  is 
plotted  against  the  anneal  temperature  In  Figure  3.  Again,  this  plot  suggests  that  the  most  effecii\e 
anneal  temperature  is  llOOX  for  lowering  the  resistivity  of  the  n  -SiC,  films.  At  1200"C,  the 
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resistivity  ratio  increases  rapidly  from  that  for  I  lOOX.  This  seems  to  suggest  that  the  dopant  could 
be  evaporating  from  the  surface  of  the  silicon  carbide  films  during  the  higher  temperature  anneal. 
However,  since  the  diffusion  coefficient  of  phosphorus  in  silicon  carbide  is  very  low,  it  is  unlikely 
that  much  dopant  would  reach  the  film  surface  and  evaporate.  It  is  more  probable  that  the  higher 
temperature  anneal  caused  changes  in  the  structure  of  the  film.  TEM  of  a  doped  film  deposited  at 
775®C  and  annealed  at  1200'’C  indicates  a  polycrystalline  grain  structure  which  was  identified  by 
electron  diffraction  as  mainly  silicon.  Diffusion  of  phosphorus  in  polysilicon  is  known  to  be  faster 
than  it  is  in  silicon  carbide. 


Figure  3.  Ratio  of  resistivities  after  and  before  RTA  of  doped  SiC,  vs.  anneal  temperature. 


CONCLUSIONS 

Amorphous  near-stoichiometric  silicon  carbide  films  have  been  obtained  from  an  LPCVD  process 
using  the  pyrolysis  of  di-tert-butylsilane  at  775^C.  Films  in  situ  doped  with  phosphorus  e.xhibit 
resistivities  in  the  10  ’  ohm-cm  range.  This  DTDS  process  may  be  suitable  to  produce  low  thermal 
budget  silicon  carbide  films  intended  for  device  quality  n‘-SiC  HBT  emitter  formation. 
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ABSTRACT 

Deformation  experiments  were  carried  out  on  6H-SiC  single  crystals  and  the  deformed 
samples  were  examined  by  electron-optical  techniques  to  verify  any  evidence  for  stress-induced 
polytypic  tran.sformation, 

INTRODUCTION 

Despite  its  discovery  about  80  years  ago  1 1|,  polytypism  in  SiC  has  still  not  been  satisfactorily 
explained.  A  number  of  attempts  have  been  made  to  explain  the  occurrence  of  polytypism  and  the 
mechanism  of  transformation  from  one  polytype  to  another  12).  However,  none  of  the 
mechanisms  proposed  so  far  can  explain  all  the  experimental  observations,  and  they  are  often  in 
contradiction  with  them.  Polytypism  can  be  considered  in  two  different  ways.  Firstly,  from  a 
thermodynamic  point  of  view,  the  stability  of  each  polytype  over  a  certain  range  of  temperature 
and  pressure  can  be  considered.  In  this  respect,  great  progress  has  been  recently  made  by  means 
of  ab  initio  calculations  of  the  total  energy  of  different  polyiypes  (see  Heine  in  these  proceedings 
[31).  The  actual  mechanism  of  polytypic  transformation  is  a  kinetic  problem  and  has  been 
considered  both  as  a  diffusive  process  and  also  as  a  dislocation  process.  Recently  a  dislocation 
model  for  polytypic  transformation  was  proposed  [4]  which  is  briefly  discussed  in  the  following 
section.  It  involves  the  glide  of  30°  partial  dislocations  which  are  assumed  to  have  different 
activation  energies  for  motion.  Thus  it  implies  that  the  phase  transformation  depends  both  on 
temperature  as  well  as  on  stress.  The  assumption  of  different  mobilities  of  the  two  30°  partial 
dislocations  is  based  their  different  core  structures:  the  core  of  one  of  the  30°  partials  is  all  carbon 
atoms  (the  C(g)  partial)  while  the  core  of  the  other  partial  is  all  silicon  atoms  (the  Si(g)  partial) 
|5|.  The  formation  of  kink  pairs  and  their  migration  are  assumed  to  be  much  easier  along  the 
Si(g)  partial  as  compared  to  the  C(g)  partial  (51.  The  present  paper  discusses  some  experiments 
designed  to  check  the  validity  of  this  model.  Before  discussing  the  experimental  results,  a  brief 
review  of  the  6H-»3C  polytypic  transformation  is  given.  For  more  details  of  the  model,  see 
references  [4]  and  [5|. 

THE  6H->3C  TRANSFORMATION 

The  mechanism  of  ref.  [4|  depends  on  a  pinned  segment  of  a  screw  dislocation  which  is 
dissociated  on  the  (0001)  plane  into  a  Si(g)  and  a  C(g)  30°  partial  dislocations  Under  an 
appropriate  resolved  shear  stress,  where  the  Si(g)  partial  with  the  higher  mobility  is  the  leading 
partial,  it  will  expand  and  form  a  loop  on  the  ((XX)!)  plane  in  a  manner  similar  to  the  Frank-Read 
mechanism.  On  the  other  hand,  the  C(g)  partial,  which  has  a  very  low  mobility  at  low 
temperatures  (say  below  1500°C),  lags  behind  and  cannot  form  a  loop.  Hence  the  loop  formed 
by  the  Si(g)  partial  is  faulted  After  the  formation  of  a  faulted  loop,  the  leading  Si(g)  partial 
approaches  the  trailing  C(g)  partial  from  behind  and  the  screw  dislocation  cross-slips  onto  the 

( lOiO)  prism  plane  according  to  the  Friedel-Escaig  mechanism  (see  ref.  (61).  Subsequent  to  this, 
there  is  a  tendency  for  the  screw  dislocation  to  cross-slip  back  to  the  basal  plane.  This  can  only 
happen  if  the  screw  dislocation  can  dissociate  on  the  basal  plane  without  violating  the  stacking 
sequence,  i.e.  without  forming  a  high  energy  AA  stacking.  The  sequence  of  faulted  loop 

fomiation  on  the  (0001)  plane  followed  by  cross-slip  on  the  (1010)  plane  is  shown  schematically 
in  Fig.l.  On  the  right  hand  side  of  this  figure,  the  stacking  sequence  of  6H-SiC,  i.e. 
...ABCACB...  is  shown.  Within  each  faulted  loop,  the  cry,stal  has  sheared  and  the  sites  change 
according  to  A^B  or  fl-)C  or  C— >/4.  Thus,  as  shown  in  Fig.  1,  the  final  stacking  sequence 
within  the  loops  will  be  ..ACB...  and  a  6H->3C  transformation  has  taken  place. 
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EXPERIMENTAL  PROCEDURE 


The  material  used  in  the  uefonnation  experiments  was  grown  by  the  Acheson  method  and 
supplied  by  the  Taiheiyo  Rumdum  Co.  The  crystals  arc  monocrystalline  and  transparent  with  a 
greenish  tint  which  implied  the  presence  of  nitrogen  impurities.  The  as-received  material  was 
checked  by  TEM  and  was  found  to  be  quite  a  perfect  single  crystal  (Fig.  2).  No  defects  are  seen 
in  Fig.  2  and  the  6H  periodicity  can  be  clearly  observed.  At  much  lower  magnifications  in  the 


FIG.  1.  Schematic  of  the  change  in  the  stacking  sequence  from  6H  to  3C  during  the  6H->3C 
polytypic  transformation.  The  scheme  follows  the  model  of  ref.  [4]. 


The  SiC  crystals  were  cut  by  a  diamond  saw  into  parallelepiped-shaped  specimens  (1x1x3 
mm})  in  the  orientation  shown  in  Fig.  3.  The  primary  glide  plane  is  (0001)  and  the  cross-slip 

plane  is  (1010).  The  resolved  shear  stress  on  two  of  the  ^I210>  dislocations  is  equal  on  the 

basal  plane  as  well  as  on  the  corresponding  (1010)  cross-slip  plane.  This  particular  orientation 
was  chosen  in  order  to  have  a  large  resolved  shear  stress  both  on  the  basal  (0001 ) 


TABLET  Deformation  conditions 


k 


b 

r 

f 
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FIG.  2.  A  HREM  Micrograph  of  the  as-received  6H-SiC  along  a  <1 120>  direction. 


plane  and  also  on  the  (1010)  cross-slip  plane.  Five  .samples  were  deformed  under  the  conditions 
shown  in  Table  1.  Each  specimen  was  pre-loaded  by  20  MPa  and  then  ramped  up  to  the 
defomiation  temperature.  Subsequently  the  applied  stress  was  increased  to  the  desii^  value  and 
the  specimen  kept  under  load  for  the  desired  time  (see  Table  1).  After  deformation,  TEM 

specimens  were  prepared  with  foil  normals  parallel  to  (0001]  and  [1120]  directions  and  examined 
in  JEOL  200CX  and  JEOL  4000EX  microscopes.  The  latter  microscope,  with  a  point-io-poim 
resolution  of  0.18  nm,  was  used  for  HREM. 


FIG.  3.  The  orientation  of  the  deformation  FIG.  4.  An  optical  micrograph  of  the 

specimen.  The  dimensions  of  the  specimen  (1210)  surface  of  sample  1  after  deformation  at 

are  1x1x3  )400°C  (£=20.3%). 

RESULTS 

The  plastic  strains,  £,  undergone  by  the  specimens  are  shown  in  Table  1.  Samples  I  and  2 
underwent  a  very  large  plastic  strain  of -1.3-20%  while  the  plastic  strain  in  samples  3  to  5  was 
lower;  in  sample  3  £-5%  and  for  samples  4  and  .3  £-1%.  Fig.  4  shows  an  optical  micrograph  of 


534 


the  sample  before  and  after  deformation  at  1400‘’C.  There  is  a  high  density  of  slip  traces  which 
are  parallel  to  the  traces  of  the  basal  planes.  A  TEM  micrograph  of  a  heavily  deformed  section  of 
sample  1  compressed  at  1400°C  is  shown  in  Fig.  5.  Note  the  striped  contrast  from  the  different 
phases.  The  wide  bands  in  this  figure  are  all  3C.  In  fact,  the  predontinant  phase  in  this  region  of 
the  specimen  is  cubic  SiC  as  shown  by  the  diffraction  pattern  from  this  area  (see  Fig.  5). 


FIG.  5.  A  TEM  micrograph  of  a  heavily  deformed  section  of  sample  1  (deformation 
temperature=140''°C,  6=20.3%).  The  diffraction  pattern  from  this  region  is  also  shown. 


Fig.  6  shows  an  HREM  micrograph  of  a  region  of  Fig.  4  where  there  is  a  large  density  of 
the  3C  phase. 


FIG.  6.  A  HREM  micrograph  of  a  region  of  Fig.  4  where  there  is  a  large  density  of  the  3C 
phase  (deformation  temperature=14(X)°C,  6=20.3%). 


535 


Fig.  7  shows  a  HREM  micrograph  of  .sample  3  which  was  deformed  at  1  lOO^C  for  5  hours. 
As  may  be  seen,  the  region  has  also  been  panially  transformed  to  the  cubic  phase. 


FIG.  7.  A  HREM  micrograph  from  sample  3  deformed  at  1 100°C  for  5  hours  (£=17.9%) 
where  there  is  partial  transformation  to  the  3C  phase. 

No  6H— >3C  transformation  was  observed  in  samples  4  and  5.  However,  very  wide 
stacking  faults  were  observed  in  the  specimens  deformed  below  1(XX)°C  where  e~l%.  An 
example  is  shown  in  the  bright-field  TEM  micrograph  of  sample  5  in  Fig.  8. 


FIG.  8.  TEM  micrograph  of  wide  stacking  faults  in  sample  5  deformed  at  80O°C  (E=l.l%). 
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DISCUSSION  AND  CONCLUSION 

According  to  the  model  described  in  ref.  [4],  there  are  three  requirements  for  polytypic 
transformation  in  SiC:  (i)  A  large  difference  in  the  mobility  of  the  30°  partial  dislocations,  (ii)  A 
sufficiently  large  resolved  shear  stress  on  the  basal  plane  to  form  a  faulted  loop  from  a  pinned 
segment  of  the  highly  mobile  30°  Si(g)  partial  dislocation,  and  (ui)  A  sufficiently  large  resolved 
shear  stress  on  the  cross-slip  plane  to  maike  the  screw  dislocation  cross-slip  after  it  has  re-formed. 
The  experiments  in  this  paper  were  designed  to  satisfy  the  above  conditions  for  the  6H-^3C 
polytypic  transformation.  By  choosing  relatively  low  temperatures  and  low  resolved  shear 
stresses,  it  was  intended  that  the  trailing  partial  dislocation  lags  far  behind  the  leading  partial.  In 
addition,  the  orientation  of  the  specimen  was  chosen  in  such  a  way  that  there  were  roughly  equal 
resolved  shear  stresses  on  the  primary  glide  (basal)  plane  and  the  cross-slip  (prism)  plane.  From 
the  results  of  the  tests,  we  can  draw  the  following  conclusions: 

(a)  The  large  plastic  strains  in  the  single  crystals  of  6H-SiC  at  these  relatively  low 
temperatures  (<1500°C)  and  low  stresses  (<100  MPa)  occur  by  the  glide  of  partial  dislocations 
(see  also  the  work  of  Maeda  et  al.  (7)).  This  is  an  indirect  evidence  for  the  asymmetry  of  the 
panials  dislocation  mobilities  and  the  fact  that  one  of  the  panial  dislocations  (presumably  the  Si(g) 
partial)  can  be  easily  moved  even  at  low  temperatures. 

b)  In  samples  1  and  2,  there  is  panial  transformation  of  the  6H  polytype  to  the  cubic  3C 
polytype.  These  samples  correspond  to  the  temperature  range  1100-14()0°C  where  there  is  a 
large  plastic  strain  (-20%).  The  mobility  of  the  partials  is  expected  to  be  very  different  in  this 
temperature  range  and  the  results  are  consistent  with  the  dislocation  model  proposed  in  [4]. 

c)  In  sample  5,  deformed  at  800°C,  there  is  no  6H— »3C  transformation  despite  the  very 
long  deformation  time  (-24  hours).  However,  the  dislocations  are  very  widely  dissociated 
indicating  an  even  larger  asymmetry  in  the  mobility  of  the  two  partial  dislocations  as  compared  to 
samples  1-4  deformed  at  higher  temperatures.  This  implies  that  the  asymmetry  in  the  mobility  of 
partials  is  due  to  a  larger  activation  energy  for  the  motion  of  the  trailing  panial  dislocation 
(presumably  the  C(g)  partial)  as  compared  to  the  leading  partial  dislocation  {presumably  the  Si(g) 
partial)  [SJ.  The  absence  of  polytypic  transformation  in  this  sample,  and  also  in  samples  3  and  4, 
may  be  because  of  the  difficulty  of  cross-slip  under  their  deformation  conditions. 
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ABSTRACT 

A  comparison  of  several  simple  hydrocarbon  gases,  with  H:C  ratios  ranging  from 
1  to  4,  as  precursors  for  the  carbonization  of  Si  is  presented.  The  growth  experiments  were 
performed  by  RTCVD  at  reactor  pressures  of  760  and  5  Torr.  For  AP-RTCVD,  we  have 
found  that  C3Hg,  C2H4  and  C2H2  have  very  similar  dependence  of  growth  rate  on  hydrocarbon 
partial  pressure  in  the  chamber.  At  1300°C,  this  involved  a  maximum  in  film  thiclmess  being 
obtained  at  a  hydrocarbon  flow  rate  of  8-10  seem,  representing  a  transition  hydrocarbon  fraction 
(in  H2)  of  ~  5x10"'*.  CH4  carbonization  produces  a  peak  growth  rate  at  a  significantly  higher 
fraction,  -  4xl0‘3.  For  LP-CVD  at  5  Torr,  the  transition  carbonization  fiaction  increases  by 
approximately  an  order  of  magnitude.  The  AP-RTCVD  carbonization  activation  energy  for 
CsHg,  C2H4  and  C2H2  at  higher  temperatures  (~1200-1300°C)  has  a  common  value  of 
~  0.8  eV,  while  for  lower  temperatures  it  depends  on  the  hydrocarbon. 


INTRODUCTION 

Silicon  carbide  is  an  interesting  semiconducting  material  with  many  desirable  properties: 
large  Eg  (2.2  eV  for  the  3C  polytype),  high  Tm  (>2800°C),  high  Ebr  (2.5x1  O^V/cm),  high 
thermal  conductivity  (4  W/cm-°K),  high  saturated  electron  drift  velocity  (2xl0'^cm/sec),  as  well 
as  a  large  degree  of  physical  and  chemical  stability.  These  properties  are  very  attractive  for 
many  SiC  device  applications  requiring  operation  under  extreme  conditions  (such  as  high 
voltage  and/or  current,  high  temperature,  etc.)  and  for  heterostnicture  applications,  such  as  the 
SiC-Si  heterojunction  bipolar  transistor  which  requires  a  large  band-gap  semiconductor.  For 
heterostructure  device  fabrication,  the  epitaxial  growth  of  6-SiC-on-Si  has  been  accomplished 
by  conventional  chemical  vapor  deposition  (CVD)  [1-3],  by  low  pressure  CVD  with 
simultaneous  [4]  and  alternate  supply  of  Si-  and  C-bearing  gases  [5]  and  by  gas-source 
molecular  beam  epitaxy  [6,7).  We  have  previously  reported  the  epitaxii  growth  of  B-SiC  films 
on  (100)  Si  by  rapid  thermal  chemical  vapor  deposition  (RTCVD)  at  atmospheric  [8]  and 
reduced  pressures  [9].  RTCVD  growth  is  well-suited  for  the  fabrication  of  thin  SiC-on-Si 
device  structures,  due  to  its  minimal  exposure  to  high  temperature,  which  is  produced  by 
rapidly  cycling  the  substrate  temperature.  This  rapid  temperature  control  is  usually  provided  by 
Si  absorption  of  the  near-lR  photoemission  of  W-halogen  lamps.  RTCVD  growth  of  SiC-on-Si 
(100)  using  C3Hg  carbonization  and/or  growth  by  reaction  of  C3H8  and  SiHa  has  been  shown 
[8]  to  result  in  monocrystalline  (100)  SiC  thin  films. 

In  this  paper  we  report  on  a  study  which  compares  several  simple  hydroc.trbon  gases  as 
precursors  for  the  carbonization  growth  of  SiC-on-Si  by  RTCVD. 


EXPERIMENTAL  PROCEDURE 

The  growth  system  is  a  modified  RTCVD  system  from  AET/ADDAX.  A  detailed 
description  of  the  system  and  its  operation  can  be  found  in  [8].  The  gas  precursors  used  in  this 
study  are  CH4,  C3H8,  C2H4  and  C2H2,  all  diluted  to  5%  in  H2.  The  flow  rates  of  each  of  the 
hydrocarbon  gases  referred  to  later  in  this  paper  indicate  the  rate  of  flow  of  the  5%  mixture. 
Hydrogen  is  also  used  as  the  carrier  gas.  The  system  pressure  was  measured  by  a  capacitance 
manometer  and  controlled  by  a  throttle  valve  with  a  pressure  controller.  The  growth  substrates 
consisted  of  standard  (100)  n-type  Si  wafers  with  4-6  ohm-cm  resistivity.  Prior  to  being  loaded 
into  the  chamber,  the  substrates  were  dipped  in  diluted  HF  and  rinsed  in  D1  H2O.  The  typical 
AP-RTCVD  process  sequence  [8]  consists  of  the  following  steps:  (a)  pump-down  to  base 
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pressure,  followed  by  H2  flush;  (b)  in-situ  cleaning  by  exposure  to  HCl  for  2  ntin  at  1200°  C;(c) 
pump-down;  (d)  establish  gas  flow  and  pressure  and  then  ramp-up  to  carbonization  temperature; 
(e)  carbonization  and  ramp-down  to  room  temperature.  The  LP-RTCVD  process  is  the  same, 
except  for  a  time  delay  prior  to  the  initial  temperature  ramp-up  to  allow  for  stabilization  of  the 
pressure  at  the  selected  level.  For  preliminary  comparisons,  we  have  used  the  same  growth 
parameters  for  LP-RTCVD  as  those  obtained  for  optimized  AP-RTCVD  growth:  growth 
temperature  of  1300°C,  temperature  ramp  rale  of  25-50°C/sec,  growth  time  of  60-120  sec. 


RESULTS  AND  DISCUSSION 

The  fraction  of  the  C-bearing  gas  in  the  gas  stream  {i.e.  the  ratio  of  CxHy  to  the  total 
gas  flow)  was  found,  for  all  hydrocarbons  investigated,  to  be  extremely  important  in 
determining  the  nucleation  process  and  the  structural  properties  of  the  resulting  SiC  film.  The 
SiC  average  film  thickness  obtained  at  atmospheric  pressure  after  90  sec  growth  at  1300°C  is 
shown  in  Fig.  1  as  a  function  of  hydrocarbon  fraction.  For  all  hydrocarbons,  a  transition 
fraction  for  maximum  thickness  is  observed.  For  propane,  ethylene  and  acetylene  the  transition 
occurs  at  a  fraction  of  around  SxlO"^.  Carbonization  with  methane  yields  a  substantially  higher 
value  of  the  transition  fraction,  4x10-5,  as  well  as  significantly  thicker  films.  The  overall 
characteristic  pattern  is  reproducible,  with  some  variation  in  the  actual  value  of  the  transition 
fraction. 

The  morphology  of  films  grown  by  ethylene  and  acetylene  for  hydrocarbon  fractions 
less  than,  equal  to,  or  greater  than  the  transition  value  is  very  similar  to  that  observed  with 
propane  growth  [8]  under  similar  conditions.  Since  methane  appears  to  behave  somewhat 
differently  from  the  other  hydrocarbons,  we  will  concentrate  on  the  morphology  of  SiC  films 
grown  by  CH4  carbonization.  The  morphology  of  films  grown  with  selected  methane  fraciicis 
is  shown  in  Fig.  2.  At  low  CH4  fraction  (10-5),  dendritic  growth  occurs,  as  shown  in  Fig.2a, 
because  the  few  nucleation  sites  present  are  widely  separated  and  do  not  interact.  At  the 
transition  methane  fraction  (~  4x10-5)  a  uniform  and  continuous  film  is  observed  in  Fig.  2d, 
along  with  the  presence  of  voids  in  the  underlying  Si  substrate.  At  the  higher  methane  fraction 
of  10-2,  the  average  void  size  appears  to  decrease,  while  the  film  surface  is  considerably 
thinner  and  markedly  smoother.  As  in  the  case  of  propane  carbonization  [8]  at  high  flow  rates, 
this  can  be  ascribed  to  the  high  density  of  nucleation  sites  which  result  in  the  early  formation  of 
a  continuous  SiC  film,  thus  sealing  the  surface  diffusion  path  for  Si  atoms  from  the  substrate 
and  greatly  reducing  the  subsequent  growth  rate. 


Hydrocarbon  Fraction  In  Total  Gas  Flow 


Fig.  1  AP-RTCVD  SiC  film  thickness  as  a  function  of  hydrocarbon  fraction. 
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Hydrocarbon  Fraction  in  Totai  Gas  Fiow 


Fig.  3  LP-RTCVD  SiC  film  thickness  as  a  function  of  hydrocarbon  ftaction. 


In  the  case  of  AP-RTCVD  growth,  the  film  thickness  uniformity  is  strongly  affected  by 
the  gas  flow  pattern  inside  the  reactor.  In  LP-RTCVD  growth,  the  SiC  film  thickness  is 
primarily  a  function  of  the  temperature  across  the  wafer  and,  therefore,  exhibits  superior 
uniformity  (91.  The  film  thickness  vs.  hydrocarbon  fraction  was  obtained  at  5  Torr.  As  seen  in 
Fig.  3,  the  overall  characteristic  is  similar  to  that  obtained  with  films  grown  at  760  Torr. 
However,  a  substantial  shift  in  the  values  of  the  transition  fraction  is  observed  for  all 
hydrocarbons.  This  was  previously  explained  [9J  for  SiC  LP-RTCVD  with  CyHg  on  the  basis 
that  the  propane  fraction  which  will  provide  a  density  of  C  atoms  on  the  growth  surface  at  low 
pressure  comparable  to  that  at  atmospheric  pressure  has  to  be  significantly  higher  to  compensate 
for  the  lower  gas  density  in  the  chamber.  It  is  interesting  to  point  out  that,  while  CyHg,  C2H4 
and  C2H2  have  roughly  the  same  transition  fraction,  (-5x](H),  for  AP-RTCVD,  the  shift  at  low 
pressure  is  to  different  transition  values:  lO'^  for  acetylene,  (3-4)xl0'3  for  ethylene,  and 
(0.5-1)x10'2  for  propane.  The  transition  fraction  for  CH4  at  5  Torr  was  not  reached  as  it 
required  a  methane  flow  rate  higher  than  that  available  in  the  system. 

The  effect  of  temperature  on  the  thickness  of  SiC  films  grown  by  AP-RTCVD  with  the 
various  hydrocarbon  precursors  is  shown  in  Fig.  4.  The  flow  rate  of  each  precursor  is  chosen 
such  that  it  yields  the  transition  value  of  the  hydrocarbon  fraction  in  the  total  gas  flow.  For 
CyHg,  C2H4  and  C2H2  carbonization,  shown  in  Fig.  4a,  two  growth  regimes  are  observed.  At 
higher  temperatures,  the  same  weak  temperature  dependence  is  seen  for  all  three  gases,  yielding 
an  activation  energy  of  0.76  eV.  The  rate-limiting  mechanism  in  this  regime  is  the  transport  of 
hydrocarbon  reactant  to  the  wafer  surface.  At  lower  temperatures  the  surface  reaction  rate 
becomes  the  rate-limiting  mechanism  and  a  different  activation  energy  is  associated  with  each 
gas;  1.2  eV  for  C2H4,  3.1  eV  for  CyHg,  and  3.9  eV  for  C2H2.  The  transition  temperature 
between  the  two  regimes  is  around  1 175°C.  Methane  carbonization  displays  a  single  growth 
regime  (see  Fig.  4b)  over  the  temperature  studied,  with  an  activation  energy  of  2.5  eV. 

Preliminary  results  obtained  for  the  temperature  dependence  of  the  thickness  at  low 
pressure  using  carbonization  with  propane  and  acetylene  are  shown  in  Fig.  5.  The  respective 
hydrocarbon  transition  fraction  at  5  Torr  is  used  in  each  case. 


SUMMARY  AND  ACKNOWLEDGEMENTS 

SiC  carbonization  using  RTCVD  has  been  investigated  with  several  hydrocarbon  gases: 
CH4,  CgHg,  C2H4,  and  C2H2.  The  transition  hydrocarbon  fraction  (for  maximum  film 


Thickness  (A)  Thickness  (A) 


Fig.  4  AP-RTCVD  SiC  film  thickness  as  a  function  of  temperature:  (a)  C3Hg,  C2H4,  C2H2 
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Fig.  5  LP-PTCVD  SiC  film  thickness  as  a  function  of  temperature. 


thickness)  for  A1  -RTCVD  is  roughly  equal  for  CyHg.  C2H4,  and  C2H2  with  a  value  of 
(5-6)xl0‘'*,  whereas  it  is  significantly  higher  for  CH4,  namely  4xl0'3.  For  LP-RTCVD  at 
5  Torr,  the  transition  fractions  for  all  hydrocarbons  shift  to  higher  values.  Carbonization 
activation  energies  were  obtained  for  at  760  and  5  Torr. 
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Center.  Assistance  in  ellipsometry  and  other  thickness  measurements  by  G.  Debrabander, 
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ABSTRACT 

3C-SiC  layers  were  grown  on  Si(111)  substrates  by  chemical  vapor  deposition 
(CVD)  using  SiH4-CH3CI-H2  gas  mixture.  3C-SiC(111)  heteroepitaxial  layers  were 
obtained  with  smooth  surfaces  and  reduced  warpage.  All  the  epilayers  were  n- 
type,  and  the  carrier  density  and  Hall  mobility  were  2.1x10''®-2.8x10''^cm-3  and 
120-180  cm2A/s  at  room  temperature,  respectively.  Temperature  dependences  of 
the  electrical  properties  of  the  self-supported  3C-SiC(111)  epilayers  were 
measured  between  15  and  300  K  for  the  first  time.  3C-SiC(1 11)  epilayers  showed 
a  similar  temperature  dependence  of  carrier  density  to  3C-SiC(00l)  heteroepitaxial 
layer.  Hall  mobility  was  maximum  (-360  cm2A/s)  around  100  K. 


INTRODUCTION 

3C-SiC  is  a  promising  semiconductor  for  electronic  devices  operating  at  high 
temperature,  high  power,  and  high  frequency  because  of  extreme  thermal  and 
chemical  stability,  wide  energy  band  gap  (2.2  eV),  high  saturated  electron  velocity 
(2.5x10^  cm/s)  and  high  electron  mobility  (800  cm^/Vs). 

3C-SiC(001)  heteroepitaxial  layers  have  been  prepared  on  Si(OOI)  by  CVD  in 
recent  years  [1].  The  electrical  and  optical  properties  of  the  epilayers  were  studied 
extensively  [2,3],  and  electronic  devices  were  fabricated  such  as  diodes  and  field 
effect  transistors  [4,5].  On  the  other  hand,  microcracks  were  observed  in  epitaxial 
3C-SiC  films  grown  on  Si(111),  and  thermal  stress  in  the  3C-SiC(111)  epilayers 
was  calculated  to  be  approximately  twice  as  large  as  in  the  3C-SiC(001 )  epilayers 
[6].  Suzuki  et  al.  obtained  single  crystalline  3C-SiC  epilayers  grown  on  Si(1 1 1 )  by 
the  formation  of  3C-SiC(111)  oriented  polycrystalline  buffer  layer  using  SiH2Cl2- 
C3H8-H2  gas  mixture  at  low  temperatures  (1273-1373  K),  but  the  epilayers  were 
reported  to  warp  due  to  the  lattice  mismatch  [7j.  Furumura  et  al.  reported  the  growth 
of  3C-SiC  on  Si(111)  by  low  pressure  CVD  using  SiHCl3-C3H8-H2  gas  mixture 
without  the  formation  of  the  buffer  layer,  and  showed  single  crystalline  3C-SiC 
layers  to  be  grown  on  off-axial  Si(111)  substrates  [8].  Tachibana  et  al.  reported 
electrical  properties  of  3C-SiC(111)  epilayers  grown  by  CVD  on  6H-SiC(0001) 
crystals  prepared  by  the  Lely  process  [9].  However,  the  electrical  properties  of  3C- 
SiC(lll)  heteroepitaxial  layers  have  not  been  investigated  well  in  comparison  to 
the  3C-SiC(001)  epilayers,  because  of  cracks  and/or  warp  of  the  3C-SiC(ll1) 
epilayers  due  to  the  internal  stress. 

In  the  present  paper,  we  report  the  heteroepitaxial  growth  of  3C-SiC  on  Si(1 11) 
by  two-step  CVD  method  to  form  a  carbonized  (buffer)  layer  using  methylchloride 
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(CH3CI)-H2  gas  mixture  and  to  grow  a  3C-SiC  layer  using  SiH4-CH3CI-H2  gas 
mixture.  The  temperature  dependences  of  the  electrical  properties  of  the  self- 
supported  3C-SiC(1 11)  epilayers  are  presented  for  the  first  time. 


EXPERIMENTAL  PROCEDURE 

3C-SiC  layers  were  grown  on  Si  substrates  by  CVD  system  with  cold-wall  type 
reactor,  which  was  previously  evacuated  to  the  pressure  of  3xi0'5  Pa.  SiH4  and 
CH3CI,  diluted  with  H2,  were  used  as  source  gases  for  Si  and  C,  and  H2  purified  by 
Pd-Ag  alloy  cell  and  HCI  were  used  as  carrier  and  etching  gases,  respectively.  The 
flow  rates  were  regulated  by  mass  flow  controllers.  Substrates  were  30  mm  x  70 
mm  X  415  pm  Si  wafers  with  just  orientation  of  (111).  Si  substrates  were  put  on 
SiC-coated  graphite  susceptor,  70x80x15  mm3,  which  was  heated  inductively  by 
200  kHz  RF  generator.  The  temperature  was  measured  by  a  pyrometer  viewing 
through  a  quartz  window. 

Prior  to  the  growth,  the  surface  layers  of  Si  substrates  were  etched  by  HCI-H2 
gas  mixture  at  1473  K  for  3  min,  and  carbonized  by  CH3CI-H2  gas  mixture.  The 
substrate  temperature  was  ramped  to  1573  K  at  about  500  K/min,  and  held  at  1573 
K  for  2  min  in  the  carbonization  process.  Thereafter,  a  SiC  layer  was  grown  on  the 
carbonized  layer  using  a  SiH4-CH3CI-H2  gas  mixture  at  1623  K.  Typical  growth 
conditions  are  summarized  in  Table  I.  3C-SiC  layers  for  the  evaluation  of 
crystallinity  and  morphology  were  grown  for  30  min,  and  those  for  the  measurement 
of  electrical  properties  and  wafer  warpage  were  grown  for  180  min. 

The  surface  morphology  and  thickness  of  the  epilayers  were  evaluated  by 
means  of  scanning  electron  microscope  (SEM).  The  surface  roughness  and  wafer 
warpage  were  measured  by  surface  profile  measuring  system.  Reflection  high 
energy  electron  diffraction  (RHEED)  was  used  for  the  crystallographic  analysis. 

The  electrical  properties  of  the  self-supported  3C-SiC(111)  epilayers,  which 
were  obtained  by  remoing  the  Si  substrates  with  a  HF-HN03-H20  (7:9:13)  solution, 
were  measured  using  the  van  der  Pauw  method  at  temperatures  between  15  and 
300  K.  Ti  electrodes  were  used  for  the  ohmic  contacts  without  thermal  annealing. 
The  temperature  of  the  sample  was  monitored  by  R  resistive  thermometer. 


Table  I.  Typical  conditions  for  heteroepitaxial  growth  of  3C-SiC  layer. 


Process 

Reaction  Gas 

Flow  Rate  (seem) 

Temperature  (K) 

Etching 

HCI 

Hz 

95 

10000 

1473 

Carbonization 

1%CH3CI/H2 

Hz 

500 

8000 

1573 

1%SiH4/Hz 

210 

Growth 

1%CH3CI/Hz 

500 

1623 

Hz 

8000 

545 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  SEM  image  of  3C-SiC  layer  grown  on  Si{111)  substrate 
under  typical  growth  condition  shown  in  Table  I.  The  surface  of  the  layer  was  very 
smooth  (about  5  nm  in  arithmetic  average  roughness)  and  the  thickness  was  about 
1  pm  according  tojhe  SEK^mage.  Figure  2  shows  the  RHEED  patterns  of  the  3C- 
SiC  layer  in  the  [1 1 0]  and  [112]  incident  azimuth.  Streak  patterns  with  Kikuchi  lines 
were  observed,  which  indicated  that  the  obtained  layer  was  single  crystalline  3C- 
SiC  epitaxially  grown  on  the  Si(1 11)  substrate.  Reconstructed  structure  pattern  (3x) 
was  clearly  recognized  in  the  [112]  incident  azimuth. 

Si  substrate  warped  as  a  concave  surface  after  heteroepitaxial  growth  of  3C- 
SiC(lll)  layer.  Figure  3  shows  the  wafer  warpage,  which  was  measured  as  a 
height  from  the  center  of  the  wafer,  after  the  3C-SiC(1 11)  epilayer  5  pm  in  thickness 
was  grown  under  typical  growth  condition.  Furukawa  et  at.  reported  reduction  of 
wafer  warpage  of  3C-SiC  grown  on  selectively-etched  Si(111)  substrate  using 
SiH4-C3H8-H2  gas  mixture  [10].  The  wafer  warpage  of  our  sample  was  reduced 
more  in  comparison  to  their  results.  Figure  4  shows  SEM  and  optical  micrograph 
(OM)  images  of  the  carbonized  layer  formed  on  Si(111)  using  CH3CI-H2  gas 
mixture  at  1 573  K  for  2  min.  In  the  carbonization  process,  voids  were  formed  under 
the  carbonized  layer  and  were  observed  as  the  white  triangular  region  in  the  OM 


Fig.  2.  RHEED  patterns  of  the  3C-SiC  layer  grown  under  typical  growth  condition. 
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image.  The  formation  of  voids  reduces  the  contact  area  between  the  epilayer  and 
substrate,  which  may  decrease  the  internal  stress  in  the  epilayer.  Therefore,  the 
reduction  of  wafer  warpage  is  considered  to  be  due  to  the  formation  of  voids  under 
the  epilayer. 


Distance  (mm) 

Fig.  3.  (a)  Wafer  warpage  after  the  3C-SiC  epilayer  5  pm  in  thickness  was  grown 
under  typical  growth  condition,  (b)  and  (c)  are  data  obtained  for  the  samples 
grown  on  selectively-etched  and  non-etched  Si(111)  substrates  using  SiH4- 
C3H8-H2  gas  mixture  [f  0]. 


Fig.  4.  (a)  SEM  and  (b)  optical  micrograph  images  of  carbonized  layer  formed  using 
CH3CI-H2  gas  mixture  at  1573  K  for  2  min.  Voids,  observed  as  the  white 
triangular  region  in  (b),  were  formed  under  the  carbonized  layer. 

Table  II.  Electrical  properties  of  the  3C-SiC  epilayers  grown  under  several  growth 
conditions. 


Sample 

Flow  Rate  of  1%CH3CI  (seem) 
Carbonization  Growth 

Thickness 

(pm) 

Carrier  Density 
(cm  ’) 

Hall  Mobility 
(cm^/Vs) 

A 

500 

500 

6.5 

2.2  X 10’' 

150 

B 

500 

500 

4.3 

2.8x10” 

120 

C 

1000 

500 

4.5 

1.5x10” 

180 

D 

700 

600 

6.5 

2.6x10” 

145 

E 

700 

700 

5.7 

2.1  X 10” 

26 
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All  the  3C-SiC(111)  epilayers  showed  e-type  electrical  conduction.  Table  II 
summarizes  carrier  density  and  Hall  mobility  at  room  temperature  obtained  for  the 
epilayers  grown  under  several  conditions  (flow  rate  of  1%CH3CI/H2  was  varied). 
The  epilayers  with  high  Hall  mobility  (120-180  cm^A/s)  were  transparent  with  a 
light  yellow  color,  but  sample  E  with  low  mobility  (26  cm^/Vs)  was  opaque,  although 
the  carrier  density  of  sample  E  (2.1x10^^  cm-3)  was  comparable  with  the  others.  It 
seems  that  a  smaller  Si/C  ratio  in  the  reaction  gas  than  0.3  is  not  suitable  for  the 
heteroepitaxial  growth  of  3C-SiC{111)  using  the  present  gas  mixture. 

Figure  5  compares  the  temperature  dependence  of  carrier  density  and  Hall 
mobility  of  the  3C-SiC(1 1 1 )  epilayers  with  those  of  the  3C-SiC(001 )  heteroepitaxial 
layer  grown  using  SiH4-C3H8-H2  gas  mixture  [11].  Since  3C-SiC(111)  epilayers 
showed  a  similar  temperature  dependence  of  carrier  density  to  3C-SiC{001) 
epilayer,  the  activation  energy  of  residual  donors  may  be  almost  the  same  as  the  20 
meV  estimated  for  3C-SiC(001)  epilayer  [2].  Therefore,  the  residual  donors  in  the 
undoped  3C-SiC(1 11)  epilayer  are  considered  to  have  the  same  origin  as  the  3C- 
SiC  epilayer,  and  to  be  highly  compensated  by  residual  acceptors. 

On  the  other  hand.  Hall  mobility  of  3C-SiC(1 1 1 )  epilayer  was  lower  than  that  of 
3C-SiC(001)  epilayer  and  had  a  maximum  (-360  cm^A/s)  around  100  K  within  the 
present  experiment,  even  though  the  growth  conditions  of  3C-SiC{l11)  epilayers 
were  not  optimized  yet.  Hall  mobility  seems  to  be  limited  by  phonon  scattering 
above  200  K  and  ionized  impurity  scattering  below  80  K,  according  to  the 
comparison  with  the  temperature  dependence  of  the  Hall  mobility  of  3C-SiC(001) 
epilayer  [2]. 


Fig.  5.  Temperature  dependence  of  (a)  carrier  density  and  (b)  Hall  mobility  of  3C- 
SiC(1 1 1)  epilayers.  A,  B,  C,  and  D  denote  the  samples  listed  in  Table  II.  Data  of 
3C-SiC(001)  epilayers  grown  on  Si(OOt)  substrate  using  SiH4-C3H8-H2  gas 
mixture  [11]  are  also  plotted  for  comparison. 
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CONCLUSION 

3C-SiC(111)  layers  were  grown  on  Si(111)  substrates  by  CVD  using  a  SiH4- 
CH3CI-H2  gas  mixture.  3C-SiC(111)  heteroepitaxial  films  were  obtained  with 
smooth  surfaces  and  reduced  warpage.  All  the  epilayers  were  n-type,  and  the 
carrier  density  and  Hall  mobility  were  2.1x10^®-2.axl0^^  cm-3  and  120-180 
cm2A/s  at  room  temperature,  respectively.  3C-SiC{1 1 1 )  epilayers  showed  a  similar 
temperature  dependence  of  carrier  density  to  3C-SiC(001)  epilayer.  The  Hall 
mobility  of  3C-SiC(1 11)  epilayers  had  a  maximum  (-360  cm^A/s)  around  100  K. 

In  order  to  investigate  the  electrical  properties  of  3C-SiC(1 1 1 )  epilayers  further, 
both  optimization  of  growth  condition  and  high-temperature  measurement  of 
electrical  properties  are  required.  Estimation  of  internal  stress  in  the  3C-SiC(111) 
epilayer  is  also  awaited  to  discuss  the  reduction  mechanism  of  wafer  warpage  in 
detail. 


REFERENCES 

1-  S.Nishino,  A.J. Powell,  and  H.A.WIII,  Appl.  Phyo.  Lett.  42,  460  (1983). 

2.  M.Yamanaka,  H.Daimon,  E.  Sakuma,  S.  Misawa,  and  S.  Yoshida,  J.  Appl.  Phys.  61, 
599  (1987). 

3.  H.Okumura,  M.Shinohara,  S.Kuroda,  K.Endo,  E.Sakuma,  S. Misawa,  and  S. Yoshida, 
Jpn.  J.  Appl.  Phys.  27,  1712  (1988). 

4.  K.Furukawa,  A.Uemoto,  M.Shigeta,  A.Suzuki.  and  S.Nakajima,  Appl.  Phys.  Lett.  48, 
1536  (1986). 

5.  H.S.Kong,  J.W.Palmour,  J.T.GIass.  and  R.F.Davis,  Appl.  Phys.  Lett.  51, 442  (1988). 

6.  H.P.Uaw  and  R.F.Davis,  J.  Electrochem.  Soc.  131,  3104  (1984). 

7.  A.Suzuki,  K.Furukawa,  Y.Higashigaki.  S.Harada,  S.Nakajima,  and  T.lnoguchi,  J. 
Cryst.  Growth  70,  287  (1984). 

8.  Y.Furumura,  M.Doki,  F.Mieno,  T.Eshita,  T.Suzuki,  and  M.Maeda,  J.  Electrochem. 

Soc.  135,  1255  (1988). 

9.  T.Tachibana,  H.S.Kong,  Y.C.Wang,  and  R.F.Davis,  J.Appl.  Phys.  67,  6375  (1990). 

10.  K.Furukawa,  A.Uemoto,  Y.Fujii,  M.Shigeta,  A.Suzuki,  and  S,Nakajima.  Extended 
Abstract  of  19th  Conference  on  Solid  State  Devices  and  Materials  231  (1987). 

11.  K.lkoma,  M.Yamanaka,  H.Yamaguchi,  and  Y.Shichi,  J.  Electrochem.  Soc.  138,  3028 

(1991). 


549 
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AEiSTRACT 

Stoichiometric  films  of  3C  SiC,  50  to  1 000  nm  thick  were  deposited  on  Si  wafers  by  laser 
ablation  of  ceramic  stoichiometric  SiC  targets.  Films  grown  at  substrate  temperatures  above 
1000°  C  on  [001]  and  above  900°  C  on  [111]  show  orientation  epitaxial  to  the  Si  substrate 
along  the  film  normal.  Depending  on  the  deposition  conditions,  the  oriented  crystallite 
dimension  along  this  direction  ranges  from  20  run  to  over  100  nm.  The  crystallite  dimensions 
in  the  film  plane  range  from  20  to  70  nm.  Raman  spectra  show  the  expected  TO  and  LO  lines 
from  SiC  but  indicate  that  the  films  sometimes  contain  other  material,  for  example  (30  to  50 
A)  graphitic  inclusions  or  small  amounts  of  polycrystalline  silicon. 


Introduction 


Wide  gap  semiconductors  such  as  SiC  are  of  interest  as  materials  for  electronic  devices 
in  high  temperature  and  harsh  environment  applications.  The  most  successful  technique  so 
far  for  the  growth  of  SiC  films  is  that  of  chemical  vapor  deposition  (CVD).  Reaction  of  SiH,, 
with  CjHg  in  a  hydrogen  flow  over  a  Si  substrate  held  at  1 400°  C  can  result  in  epitaxial  growth 
of  a  3C  (cubic)  SiC  film. [1-6]  The  CVD  techniques  require  very  high  substrate  temperatures 
for  single  crystal  growth,  which  can  lead  to  film  contamination  and  hydrogen  incorporation. 
Although  oriented  crystallite  growth  of  SiC  on  Si  by  CVD  has  been  reported  at  1 150°  C  [3,4] 
the  development  of  other  lower  temperature  methods  is  desirable.  Sputtering  has  produced 
polycrystalline  or  amorphous  films  at  lower  substrate  temperatures,  in  the  absence  of 
hydrogen.]?]  Since  1 988,  laser  ablation  has  been  used  tor  the  deposition  of  high-quality,  high 
Tj,  superconducting  oxide  films.  In  this  method  a  high  density  plume  of  energetic  particles  is 
generated  from  the  target  in  a  very  short  time  interval,  reproducing  the  target's  stoichiometry 
on  the  film  and  favoring  oriented  film  growth  at  relatively  low  substrate  temperatures.  Balooch 
ef  a/.[8,9]  have  reported  the  preparation  of  polycrystalline  3C  SiC  films  on  a  [001]  Si  substrate 
at  800°  C  by  laser  ablation  of  a  SiC  target.  In  a  recent  communication  we  have  reported  the 
deposition  by  laser  ablation,  at  1 93  nm,  of  thin  oriented  films  of  SiC  on  Si  wafers  at  somewhat 
higher  temperatures  (1000  to  1 070°  C),[1 0]  Here  we  describe  the  deposition  by  laser  ablation 
of  epitaxial  cubic  {3C)  SiC  films  on  Si  wafers  at  temperatures  in  the  900  to  1 1 50°C  range. 
These  films  were  characterized  by  X-ray  diffraction,  selected  area  transmission  electron 
diffraction  and  microscopy  and  by  Raman  spectroscopy. 


Sample  Preparation 

The  films  were  deposited  inside  a  stainless  steel  vacuum  system  pumped  by  a  turbo- 
molecular  pump  to  a  base  pressure  of  5x10"®  torr.  Radiation  from  an  excimer  laser  of 
wavelength  193  nm  (ArF)  or  351  nm  (XeF)  was  focused  near  the  surface  of  the  target  where 
it  illuminated  a  1  x5  mm  rectangle  with  approximately  45°  incidence.  The  pulse  energy  at  the 
target  could  be  adjusted  between  1 00  and  400  mJ  corresponding  to  fluences  from  2  to  8 
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J/cm^.  Ceramic  SiC  targets  were  used.  The 
substrate  to  target  distance  was  varied 
between  5  and  7  cm. 

The  substrates  were  pre-etched  to 
remove  hydrocarbons  and  native 
oxide. (10]  During  deposition  the  substrate 
was  heated  radiatively  across  a  small  (-1 
mm)  gap  by  a  resistive  boron  nitride 
coated  graphite  heater  (Union  Carbide 
Boralectric)  inside  a  tantalum  radiation 
shielded  turnace.  The  deposition  window 
was  a  2.5  cm  square.  The  substrate 
temperature  was  measured  with  an  IR 
pyrometer,  through  a  sapphire  window. 
Only  the  initial  temperature  could  be 
accurately  obtained  from  the  pyrometer 
readings,  as  optical  interference  effects  in 
the  growing  film  produce  an  output  from 
the  pyrometer  (responding  to  wavelengths 
near  1  /im)  that  oscillates  with  deposition 
time.  This  effect  provides  a  means  of 
gauging  the  film  growth. 

The  deposited  films  had  elliptical 
constant  thickness  contours,  as  shown  by 
their  light  interference  patterns,  with  the 
long  axis  perpendicular  to  the  large 
dimension  of  the  illuminated  area  on  the 
target.  Film  thicknesses  were  measured 
with  a  stylus  profilometer  near  the  edge 
defined  by  the  (shadow)  masking  from  the 
front  radiation  shield.  To  determine  the  film 
thickness  near  the  center  of  the  plume 
deposition  runs  were  performed  with  a 
contact  mask  made  out  of  tantalum  foil 
yielding  a  sharp  edge  in  the  desired  area. 
Film  thicknesses  could  also  be  estimated 
by  counting  interference  fringes  from  the 
uieasuieo  eoge.  Tho  uepusilion  rates 
derived  from  such  data  will  be  discussed 
below. 


Film  Characterization 


Figure  1  X-ray  reflections  for  (a)  [111],  (b)  and 
(c)  [001]  substrates  deposited  at  1145°  C;  (d) 
[001]  at  1000°  C;  (e)  [1 1 1]  at  900°  C. 


Figure  2.  Dependence  of  crystallite  dimension 
on  deposition  time  and  temperature,  200  mj 
pulses,  5  Hz. 


Auger  spectroscopy  showed  that 

target  and  film  had  the  same  stoichiometry.  This  was  verified  by  testing  some  non-epitaxial 
films  deposited  from  non-stoichiometric  targets. 

Figure  1  shows  examples  of  X-ray  diffraction  data  from  "©-29"  angular  scans  such  that 
the  wavevector  transfer  is  normal  to  the  plane  of  the  film.  The  diffraction  peaks  observed  in 
this  scanning  geometry  are  characteristic  of  spacing  between  atomic  planes  parallel  to  the 
film.  For  films  deposited  on  [001  ]  Si,  (traces  b  and  c)  the  lines  corresponding  to  the  200  (2© 
=  41.6°,  spacing  d=2. 18  A)  and  the  400  (2©  =  90.5°,  d=  1.09  A)  reflections  are  visible,  whereas 
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the  11 1  reflection  (29=35.7°,  d  =  2.52  A)  is 
absent.  The  reverse  is  true  for  films  grown 
on  [111]  Si  (trace  a).  This  is  as  expected 
for  epitaxial  films  of  cubic  (3C)  SIC  and  is 
consistent  with  the  fact  that  the  3C  is  the 
stable  polytype  at  these  relatively  low 
substrate  temperatures.  The  films  that 
exhibit  the  sharpest  diffraction  lines  are 
those  deposited  at  the  highest  substrate 
temperatures  (above  1 050°  C  for  films  on 
[001]  Si  and  900°  C  for  [111]  Si).  The  dif¬ 
fraction  line  broadening  at  the  lower  tem¬ 
peratures  is  illustrated  by  traces  d  and  e  in 
Fig.  1. 

From  the  width  of  the  diffraction  lines 
one  can  deduce  the  dimension  of  the 
crystallites  in  the  direction  normal  to  the 
substrate  plane.  This  dimension  depends 
on  factors  such  as  deposition  time, 
substrate  orientation  and  temperature  as 
illustrated  by  the  data  plotted  in  Fig.  2.  The 
data  in  this  figure  were  obtained  with  a 
pulse  repetition  rate  of  5  Hz  and  an 
approximate  pulse  energy  of  200  mJ  at  the 
target.  The  [001]  results  at  1075°  C  were 
from  ablation  with  193  nm  (ArF)  radiation 
at  a  target-substrate  separation  of  5  cm,  all 
others  with  351  nm  (XeF)  radiation  and  7 
cm  target-substrate  separation.  Under 
these  conditions  the  deposition  rates  for 
comparable  substrate  temperatures  were 
approximately  the  same  for  the  two 
wavelengths.  Due  to  the  much  larger 
propagation  loss,  window  and  lens 
transmission  loss  and  beam  divergence  for 
the  193  nm  radiation,  most  of  the 
experiments  were  performed  with  351  nm 
radiation,  and  no  major  differences  in  the 
results  with  wavelength  change  were 
detected.  The  larger  error  bars  for  the 
larger  crystallite  dimensions  are  a  reflection 
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Figure  3.  Temperature  dependence  of  filrr 
thickness  for  60  min.  deposition. 
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Figure  4.  Crystallite  size  as  function  of 
temperature  for  60  min,  deposition. 


of  the  larger  uncertainty  in  making  the  instrumental  linewidth  correction  for  the  narrower  lines. 
Figure  3  shows  average  film  thickness  as  a  function  of  the  inverse  of  the  absolute 


temperature  of  the  substrate  for  the  same  deposition  time.  It  was  verified  that  the  film 


thickness  is  indeed  proportional  to  deposition  lime,  at  least  for  200  mJ  laser  pulses  at  5  Hz. 
Thus  the  data  of  Fig.  3  yield  deposition  rates  of  0.05  to  1.0  A/pulse  Fig.  4  shows  the 
dependence  on  deposition  temperature  of  the  crystallite  dimension  along  the  film  normal,  for 
a  deposition  time  of  60  min.  This  same  crystallite  size  is  always  less  than  the  film  thickness, 
although  for  the  [1 1 1  [  films  deposited  near  1 050°  C  they  are  within  a  factor  of  2  of  each  other. 
At  the  highest  deposition  temperatures  the  crystallite  size  for  the  [111]  films  reaches  1200A 
whereas  it  only  reaches  600A  for  the  [001  ]  films.  The  increase  in  crystallite  dimension  with 
deposition  time  and  temperature  might  be  due  partly  to  annealing. 

Figure  3  shows  that  above  1000°  C  the  deposition  rate  increases  rapidly  with  substrate 
temperature  indicating  perhaps  the  onset  of  a  thermally  activated  process.  For  the  [111]  films 
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there  is  a  minimum  in  the  deposition  rate  near  900°  C;  the  decrease  in  rate  with  increasing 
temperature,  below  900°  C,  might  be  related  to  reactive  reevaporation  in  the  presence  of  the 
residual  gases  in  the  system  {6x1  O'®  to  5x1  O'®  torr).  Rate  data  for  [001  ]  films  below  1 000°  C 
is  not  shown,  as  these  films  did  not  show  any  SiC  signature  in  the  X-ray  scans. 

Increased  laser  fluence  above  that  corresponding  to  200  mJ  pulses  appears  to  increase 
crystallite  size  slightly  for  the  [001]  films  only,  and  then  only  at  193  nm.  At  351  nm  increased 
laser  energy  resulted  in  roughening  of  the  film  surface  and  eventual  local  peeling  of  the  film. 
Lowering  the  energy  below  200  mJ  decreased  the  crystallite  dimensions  as  well  as  the 
deposition  rate. 

Information  about  crystallinity  within  the  film  plane  was  obtained  from  transmission 
electron  diffraction  on  back-thinned  specimens  prepared  by  standard  procedures.  Selected 
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Figure  5  Selected  area  transmission  electron  diffraction  of  SiC  on  [111]  and  [001]  Si  in 
areas  with  both  film  and  substrate  present. 

area  diffraction  patterns  presented  in  Fig.  5  show  that  the  3C  SiC  films  grow  epitaxially  on  the 
Si  substrate,  the  [001]  film  on  the  [001]  substrate,  the  [111]  film  on  the  [111]  substrate,  with 
the  {220}  planes  of  the  film  and  substrate  parallel  to  each  other.  Double  diffraction  causes 
satellite  spots  around  220  reflections  in  both  types  of  films.  Weak  reflections  due  to  other 
orientation  variants  are  present  in  Fig.  5  and  increase  in  the  thinner  areas  of  the  [111]  films 
(near  the  surface).  Twins  have  been  identified  also  in  the  thin  areas  of  the  [001  ]  films.  The  in¬ 
plane  grain  dimensions  are  30  to  70  nm  for  both  films  as  derived  from  TEM  micrographs.  [10] 
Further  information  about  these  films  can  be  obtained  from  their  Raman  spectra.[1 1 ,1 2] 
For  the  very  thin  films  grown  at  low  temperatures,  the  spectra  are  dominated  by  the  Si  sub¬ 
strate.  To  enhance  the  SiC  contribution  from  these  films,  we  subtracted  from  each  spectrum 
a  suitably  scaled  spectrum  from  the  bare  substrate.[10J  For  the  films  grown  at  higher  temper¬ 
atures  this  was  not  necessary,  as  shown  in  Fig.  6  for  a  film  deposited  at  1145  °C  for  60  min 
The  top  trace  (a)  in  this  figure  is  from  the  thickest  part  of  the  film  (d  -  1  jim)  near  the  edge 
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of  the  mask.  The  SiC  TO  (796  cm'')  and 
LO  (973  cm'')  modes  [11]  are  clearly  seen 
and  there  is  no  significant  interference  from 
the  Si  spectrum.  Note  the  strong,  sharp 
TO  line  in  contrast  to  the  much  weaker 
and  broader  (-  50  cm'')  LO  line.  This 
broadening  may  be  the  result  of  damping 
by  free  carriers,  which  can  substantially 
affect  the  LO  mode  without  affecting  the 
TO.[13]  The  observed  LO  bands  are  too 
weak  for  detailed  shape  analysis,  but  from 
comparisons  with  the  spectra  observed 
and  analyzed  for  much  thicker  CVD  films 
we  obtain  an  estimate  of  5x1  o'®  cm'®  for 
the  carrier  concentration  in  the  p-type  film 
of  Fig.  6.[13] 

Spectrum  6(b)  is  from  a  spot  -  1  mm 
from  the  edge,  where  the  film  is  -  1 500  A 
thinner  than  it  is  for  6(a).  The  Si  spectrum 
is  clearly  enhanced  in  the  thinner  region 
and  that  from  the  SiC  is  depressed.  The 
thin-film  interference  effects,  mentioned 
above,  that  produce  colored  bands  in 
these  films  when  viewed  under  white  light 
will  also  lead  to  a  variation  in  Raman 
intensity  with  position.  The  changes 
between  the  (a)  and  (b)  spectra  of  Fig.  6, 
however,  are  not  caused  solely  by  this 
interference  effect.  The  Si  Fjg  peak  at  520 
cm''  in  both  (a)  and  (b)  is^  significantly 
broader  than  that  from  the  substrate, 

shown  in  Fig.  6  (c).  In  addition,  these  lines  do  not  show  the  same  dependence  on 
polarization  and  sample  orientation  as  does  the  same  line  for  the  substrate.  With  s-polarized 
laser  light  on  a  [001  ]  surface  the  Fgg  mode  extinguishes  when  both  the  incident  and  scattered 
light  are  polarized  along  [100],  whereas  the  Fjg  mode  in  (a)  and  (b)  does  not.  We  conclude 
that  the  SiC  film  contains  some  unoriented  Si  inclusions  and  that  the  composition  of  the  film 
varies  with  position.  From  the  increased  linewidth,  the  size  of  the  Si  inclusions  is  estimated 
to  be  -  20-30  A.[1 4]  In  some  of  the  samples  (not  the  one  for  Fig.  6)  we  also  observed  bands 
near  1 360  and  1 600  cm  ' ,  indicating  the  presence  of  small  graphitic  inclusions  whose  size  we 
estimate  to  be  30-50  A.[12,15]  Similar  results  were  obtained  from  films  grown  on  [111] 
substrates. 


Fig.  6.  Raman  spectra  recorded  with  50  mW 
power  of  514.5  nm  laser  light  using  a  SPEX 
Triplemate  and  array  detector  system,  (a)  is 
shifted  up  by  4  tic  marks  for  clarity.  The  full 
scale  range  is  -  120  counts/s. 


Concluding  Comments 

Epitaxial  films  of  SiC,  with  thicknesses  in  the  range  of  100  to  1000  nm  have  been 
deposited  by  laser  ablation  on  both  [001]  and  [111]  Si  substrates.  The  films  grow  epitaxially 
on  [111]  substrates  held  at  temperatures  above  900°  C,  whereas  on  [001]  substrates  they 
grow  epitaxially  only  above  1000°  C.  The  crystallite  size  as  measured  by  X-ray  diffraction 
increases  with  both  deposition  time  and  temperature,  and  tends  to  be  larger  for  the  [111] 
films.  This  effect  might  be  a  consequence  of  annealing  processes  occurring  in  the  already 
deposited  layers  and  which  have  lower  onset  temperature  in  the  [111]  crystallographic  planes. 
As  in  the  case  of  CVD  films,  the  epitaxial  deposition  rates  have  a  marked  temperature 
dependence,  increasing  with  deposition  temperature.  In  the  CVD  case  this  is  ascribed  to  a 
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thermally  activated  chemical  reaction  whereby  the  volatile  Si  and  C  carrier  gas  molecules 
decompose  at  the  deposition  surface.  Such  a  scheme  wouid  not  be  applicable  to  deposition 
by  laser  ablation,  if  for  no  other  reason,  that  the  larger  molecular  fragments  that  may  be  part 
of  the  ablation  plume  arrive  at  the  target  with  very  high  kinetic  energies  corresponding  to 
temperatures  much  higher  than  that  of  the  substrate.  In  the  present  case  the  explanation  has 
to  be  sought  elsewhere.  At  the  lower  temperatures,  where  the  [111]  films  are  polycrystalline, 
the  deposition  rate  shows  a  decrease  between  800  and  900°  C,  which  might  be  due  to 
reevaporation  of  some  oxides  formed  on  the  growth  surface  in  between  laser  pulses  by 
reaction  with  the  relatively  high  pressure  of  residual  gases  in  the  system. 

We  thank  our  colleagues,  W.  Ping  for  the  Auger  data,  C.  Peters  for  discussions  on 
interpretation  of  X-ray  diffraction  data,  H.  Holloway  for  discussions  on  film  growth  processes 
and  R.  Soltis  for  help  with  many  experimental  problems. 
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HETERO-EPITAXIAL  GROWTH  OF  SiC  FILMS  BY  CVD  FROM  SILANE,  METHANE, 
PROPANE,  AND  HYDROGEN  MIXTURES 


B.Bahavar,  M.I.Chaudhry,  and  R.J.McCluskey,  Center  for  Advanced  Materials  Processing,  Clark¬ 
son  University,  Potsdain,  NY 


ABSTRACT 

Epitaxial  silicon  carbide  fibns  have  been  produced  on  Si  (100)  substrates  by  CVD  with 
90%  of  the  carbon  supplied  by  methane  and  10%  by  propane  as  compared  to  100%  by  propane 
(or  100%  by  any  carbon  source  more  reactive  than  methane).  Tliis  implies  a  methane  to  propane 
mole  ratio  of  thirty.  Among  possible  carbon  gases,  methane  is  the  purest  coiiunercially  available 
hydrocarbon  source,  But  methane  has  not  been  coimnonly  used  for  growth  of  silicon  carbide  due 
to  its  low  chemical  reactivity.  Our  process  demonstrates  the  feasibility  of  achieving  high  SiC 
growth  rates  while  using  a  carbon  source  that  is  predominantly  methane.  We  have  established 
that  silicon  carbide  films  grown  at  1350  ''C  in  a  CVD  reactor  using  the  above  carbon  source  ratio 
results  in  quality  single  crystalline  films  at  similar  growth  rates  and  lower  carrier  concentrations 
than  films  grown  from  propane  and  silane. 

The  main  tools  used  to  characterize  the  grown  films  are  X-ray  and  electron  diffraction, 
optical  microscopy,  surface  proftlometry,  Hall  mohility  measureiiienls,  and  tluckness  measure¬ 
ments. 


INTRODUCTION 

Silicon  carbide  (SiC)  is  a  wide  band-gap  semiconductor  material  with  many  attractive 
features.  High  thermal  conductivity  and  excellent  physical  stability  favor  silicon  carbide  for 
applications  in  high-temporature  devices.  In  particular,  /3-5iC’  (cubic  or  3C-SiC')  seems  to  be 
the  most  suitable  for  this  jiurpose,  owing  to  its  high  electron  mobility  with  values  up  to  800 
cm^/Vs.  Preparation  of  single  crystals  by  chemical  vapor  deposition  (C'^D)  has  been  an  active 
researcli  area  since  the  amiouncemeiit  of  a  “buffer  layer”  tecluiique  {l,  2)  which  permits  the 
epitaxial  growth  of  ^-SiC  atop  silicon  substrates.  Briefly,  in  this  two-step  d-SiC  CVD  process, 
the  buffer  or  initial  layer  is  first  deposited  by  reacting  the  Si  substrate  with  a  hydrocarbon  gas. 
This  is  accomplished  by  flowing  a  dilute  mixture  of  the  hydrocarbon  in  over  the  substrate 
as  its  temperature  is  rariiped  (-^40  /s)  from  room  temperature  to  the  growth  temperature 

(1330-1380  °C  ).  The  first  step  is  also  called  the  carbonization  step  where  the  Si  surface  layer 
of  the  substrate  is  converted  to  a  0  SiC  layer.  The  second  step  involves  the  homo-epitaxy  of 
(i-SiC  on  the  initial  layer  using  a  dilute  mixture  of  the  hydrocarbon  and  SiH^  in  Hi  .  The 
choices  of  hydrocarbon  include  CjHfi  (1,  3,  4),  CH^Cl  (4|,  and  C'iH^  (5)  wliile  CH^  (6,  7,  8|  is 
observed  to  produce  little  if  any  deposit. 

The  sucessful  u.se  of  C II^  as  an  alternate  source  of  carbon  presents  a  challenge  in  under¬ 
standing  the  surface  chemistry  involved  in  the  growth  process  of  ‘  on  Si  substrates  |8.  9). 
In  the  present  paper  we  report  the  hetero-epitaxial  growth  of  J-.VH '  on  Si{  lOU)  by  the  two  itep 
CVD  method  to  form  the  ii-SiC  buffer  layer  using  the  Hi  Ca//r  SiH^  gas  systeir  and  the 
growth  of  i^■SiC  bulk  layer  using  the  Hi  -  CHi  -  CsWr  -  ,  Hi  ~  CH^  -  SiH^  ,  and 

Hi  -  C^Hii  -  SiHi  gas  systems. 
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EXPERIMENTAL 

0-SiC  fUuis  were  grown  on  Si  substrates  using  a  cold-wall  horizontal  CVD  reactor, 
operated  at  atmospheric  pressure.  The  reactor  was  a  qtiarti  tube  with  an  inside  diameter  of 
50mm  and  an  inside  length  of  500m)ti.  The  Si  substrate  was  placed  on  an  RF-healed  SiC- 
coated  graphite  susceptor  which  wm  held  by  a  quartz  support.  The  temperature  was  measiired 
by  an  automatic  pyrometer  tltrough  a  quartz  window.  The  di/Terence  between  the  iiieasured 
and  the  actual  substrate  temperature  was  determined  by  melting  a  Si  substrate  under  actual 
growth  conditions.  Substrate  temperatures  in  this  document  were  corrected  for  the  difference. 
Typically,  the  measured  T  was  20-30  "C  below  the  Si  melting  temperature  of  1410±5  . 

Substrates  were  33  mm  x  48  nun  x  0.38  nun  electronic  grade  (p-type)  single  crystad  Si 
with  (100)  orientation.  To  prepare  t!ie  substrates  for  crystal  growth  the  following  sequence  was 
used:  (t)  blowing  off  the  Si  particles  (produced  during  cutting)  with  tlry  argon,  (ti)  rinsing  both 
sides  of  the  subtrate  with  methanol  (semiconductor  grade)  and  wiping  them  with  a  kimwipe  to 
remove  extra  fine  Si  particles  not  seen  by  the  unsuded  eye,  [Hi)  etching  the  substrate  in  a  %b 
HF  solution  (made  from  %49  HF  stock  and  D.l.  water)  for  5  min  to  remove  the  native  oxide. 
If  liquid  drops  were  detected  on  the  Si  substrate  upon  removing  it  froiii  the  HF  solution,  then 
steps  (n)  and  (iii)  were  repeated.  There  was  no  degreasing  step  in  the  above  sequence  since  the 
Si  wafers  and  substrates  were  handled  only  with  a  clean  kimwipe  or  tweezers. 

CH4  (99-9995%,  MG  Industries)  and  (99.95%,  MG  Industries)  were  used  as  source 
gases  for  carbon.  SiH^  (99.995%,  MG  Industries)  and  palladium  purified  H2  (99.999%,  Air 
Products)  were  used  as  source  gas  for  silicon  and  c.irrier  gas,  respectively.  The  flow  rates  were 
regulated  by  electronic  mass  flow  controUers  (Tylan  and  Hastings). 

After  the  substrate  and  susceptor  were  positioned  in  the  reactor,  the  native  oxide  on 
the  Si  substrate  was  removed  by  heating  the  substrate  at  1200  for  10  min.  An  epilayer  of 
Si  was  then  grown  for  h  min  at  1050  .  This  silicon  epilayer  of  about  0.2  pm  thickness  was 

found  suitable  for  subsequent  epitaxial  growth  oS0-SiC  .  Next,  the  Rf  power  was  turned  off  and 
the  susceptor  and  substrate  edlowed  to  cool.  After  cooling  for  3  min,  the  proper  gas  flows  were 
established  for  the  growth  of  the  P-SiC  buffer  layer.  An  additional  1  min  was  allowed  for  the 
new  gas  mixture  to  stabilize.  The  temperature  of  the  susceptor  was  then  ramped  to  about  1350 
(in  about  33s)  and  held  at  that  temperature.  After  1  min  (time  measured  from  the  begir  ling 
of  the  temperature  ramp),  all  gas  flows  except  for  H2  were  diverted  from  the  reactor  for  1  min 
in  o  ler  to  prepare  the  flow  conditions  for  the  bulk  growth.  Temperature  was  maintained  at 
1350  °C  during  this  1  min  purge  and  proper  flow  conditions  were  set  for  bulk  growth.  Following 
the  purge  period,  the  stabilized  reactant  gas  flows  were  directed  to  the  reactor.  F'r  samples  in 
which  buffer  layer  growth  and  bulk  growth  had  identical  gas  flow  conditions,  the  1  min  purge  was 
oiiiited.  After  the  desired  growth  time  had  elapsed,  all  gas  flows  except  for  H2  were  diverted  to 
the  exhaust  and  a  2  min  purge  period  was  sta.  ed.  Finally,  the  RF  power  was  slowly  decreased 
(-^100  /min)  to  zero  and  the  susceptor  and  the  substrate  w*»re  allowed  to  cool  to  near  room 
temperature. 

Table  1  summarizes  the  experimental  conditions  for  the  preparation  of  /LSiC  films.  In 
this  table,  sajiiples  designated  BB  used  CjHs  as  the  sole  carbon  source,  while  samples  designated 
with  an  M  used  a  mixture  of  CH4  and  or  CH^  only.  The  bulk  layer  growth  time  was  in 

the  range  of  5-120  min.  Samples  having  the  same  growth  conditions  in  Table  1,  differ  only  In 
their  growth  time.  Growth  rates  listed  in  this  table  are  for  the  center  of  the  samples.  Samples 
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for  x-ray  evaluation  and  measurement  of  electrical  properties  were  grown  for  120  min  to  provide 
thicknesses  greater  than  4  .  The  samples  grown  for  30  tnin  or  shorter  time  periods  showed 

color  fringe  patters  which  were  indicative  of  layer  thickness  and  thickness  uniformity.  The  surface 
morphology  of  the  as-grown  /j-SiC  epi-layers  were  investigated  with  a  Noiiuaski  microscope.  A 
stylus  type  proflloineter  (Dektak  IIA,  Veeco  Instruments)  was  used  to  measure  surface  roughness. 
Thickness  of  samples  grown  for  30  min  or  shorter  were  measured  hy  visible  light  interferometry. 
Thickness  of  samples  grown  for  120  and  240  min  were  measured  by  viewing  the  imbedded 
layer  cross-section  under  an  optical  microscope.  Structural  quality  of  the  crystalline  layers  was 
evaluated  by  x-ray  diffraction  (.Siemens,  Model  D500]  and  selected  area  diffraction  (SAD)  using 
a  transmission  electron  microscope  (JEOL,  Model  JEM  1200EX).  The  electrical  characteristics 
(Hall  mobility  and  carrier  concentration)  of  the  layers  were  determined  by  making  Hall 

measurements  using  the  van  der  Fauw  (ecluiiqiie  at  room  temperature.  Oluiiic  contacts  were 
made  by  indium  soldering  of  tliin  gold  wires  on  the  layer  surface. 


Table  I.  Experimental  conditions  for  epitaxial  growth  of  ,J-5iC  . 


Sample 

Flow  Rates  for  Buffer  Layer 
(cc/miu ) 

Hi  C^Hs  CH4  SiH4 

Flow  Rates  for  Bulk  Growth 
(cc/min) 

Hi  Cxih  CH4  SHU 

Growth 

Kate 
(/“'■  /hr) 

Ml 

3000 

0.00 

l.OS 

0.5G 

3000 

0.00 

1.08 

0.5G 

0.0 

M2 

3000 

0.00 

1.92 

1.00 

3000 

0.00 

1.92 

1.00 

0.0 

M3,  M6,  M7,  M9 

3000 

0.64 

0.00 

1.00 

3000 

.064 

1.92 

1.00 

2.9 

M4,  M8,  MIO 

3000 

0.G4 

o.ou 

1.00 

3000 

0.00 

1.92 

1. 00 

3.2 

M5 

3000 

.064 

1.92 

1.00 

3000 

.064 

1.92 

1.00 

2.9 

HlUn,  IIHI3 

3000 

0.64 

0.00 

1. 00 

3000 

0.G4 

0.00 

i.on 

2.7 

RESULTS 

Among  the  five  growth  conditions  for  samples  Ml-MlO,  only  Ml  and  M2  failed  to 
produce  any  growth  of  (3-sSiC  .  The  surface  of  the  Si  substrate  in  sample  Ml  was  dotted  with 
isolated  hazy  squares  with  a  side  length  of  about  0.25  iimi.  Sample  M2  also  showed  hazy  squares 
but  with  a  side  length  of  about  7  nun.  Under  our  experimental  conditions,  use  of  CH4  as  the 
only  carbon  source  during  the  buffer  layer  step  does  not  allow  SiC  formation.  Furthermore, 
sample  M5  shows,  indirectly,  that  a  small  addition  of  (*3^8  during  the  initial  thermal  ramp 
results  in  growth  of  a  /3-5»C'  buffer  layer.  Visual  comparison  of  samples  M3''M10  indicated  the 
superiority  of  samples  (M3,  MG,  M7,  <uid  M9)  grown  without  methane  during  the  buffer  layer 
and  with  some  propane  during  bulk  growth.  VVe  will  select  samples  MG  and  M7  for  comparing 
l3‘Si('  single  crystals  grown  with  90%  of  the  carbon  source  as  (’H4  with  samples  BBll)  and 
BBl3  grown  using  Ci/fa  as  the  only  source  of  carbon. 

Figure  I  sliows  Nomraski  pliotomirrograplis  for  surface  morphologies  of  samples  M7 
and  BBlO,  both  grown  for  i20  min.  The  averaK*’  rouKlmess  measured  hv  a  stylus  prolUometer 
was  13«)  A  for  sample  BBIO  while  that  of  MT  was  A.  Our  profilometer  gave  an  avertage 

roughness  of  51  A  for  the  surface  of  the  untreated  Si  sul»strate.  'i'he  crystal  quality  of  samples 
M7  and  BBlO  were  exaiiuned  i>y  measuring  the  full  width  at  half  maximum  (FWHM)  of  x-ray 
rocking  curves.  Rocking  curve  ineasureiiients  for  the  epitaxial  layers  were  carried  out  using 
CuA'a  lines  at  41.40'’  for  (200)  peak  and  20  89.90’  for  (400)  peak  of  .  Table  II 
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shows  the  FWHM  values  for  the  two  peaks  of  f)-SiC  samples  M7  and  BBIO.  These  FWHMs 
were  considerably  broader  than  0.0!14®  from  the  (400)  diOraction  peak  of  the  Si  substrate  with 
the  same  insf  'uiiiental  conditions.  Thus,  the  resolution  of  the  x-ray  experimental  setup  was 
adequate  for  he  analysis  of  the  crystahhiity  of  the  grown  layer  even  without  a  double-crystal 
dlifractometer  (DCD).  It  is  clear  from  Table  II  that  the  two  samples  are  almost  identical  in  their 
overall  crystal  quality. 

The  electrical  properties  of  the  two  samples  are  sununarized  in  Table  III.  The  Hall  mea¬ 
surements  resulted  in  values  for  Hall  mobility,  layer  resistivity,  p,  and  carrier  concentration, 
n. 


Table  II.  FWHM  of  x-ray  rocking  curves 
of  /3-SiC  (200)  and  (400)  peaks. 


Sample 

Thickness 

FWHM  of 

FWHM  of 

(;im  ) 

(200)  peak 

(400)  peak 

MT 

■IIIEBH 

o.ior 

BBIO 

■■ 

0.103° 

Table  III.  Electrical  properties  of  n-type 
0>SiC  layers  at  room  temperature. 


Sample 

P 

n 

(cm^/ V.s) 

(n.cm) 

(cm-^) 

M7 

303 

0.43 

4.38  X  10'« 

BBIO 

344 

0.22 

7.61  X  10*« 

Figure  1.  Nomarski  microphotographs  of  tlr 
as-grown  surfaces  of  samples  M7  and  BBlO. 


For  determination  of  the  crystalline  state  of  the  two  samples  we  had  to  use  samples 
BBl3  and  M6  which  had  the  sanve  growth  conditions  as  BBIO  and  M7,  respectively,  but  were 
thinner,  making  them  suitable  for  transmission  electron  diffraction  analysis  of  the  SAD  method. 
Figure  2  shows  the  spot  patterns  for  these  two  samples.  It  is  clear  that  both  samples  are  single 
crystalline. 


Figure  2.  Transmission  electron  diffraction  patterns  of  samples  M6  and  BB13.  The  spot  pattern 
shows  the  single  crystalline  nature  of  the  0  SiC  films. 


DISCUSSION 


An  important  finding  of  this  study  is  the  utilization  of  CH^  in  the  bulk  growth  of  0-SiC 
layers  on  a  f3-SiC  surface.  An  equally  important  and  interesting  result  is  the  insight  this  study 
provides  for  the  growth  mechanism  of  the  buffer  layer  or  the  carbonization  of  the  Si  surface. 
These  findings  can  be  better  understood  by  considering  the  bond  energies  (Table  IV)  needed 
for  radioed  species  production  for  the  veuious  carbon  sources  used  in  the  growth  of  i3-SiC  on  Si 
substrates  (11), 


Table  IV.  Bond  energies  of  several  carbon  sources 
used  ill  the  growth  of  (i'SiC  on  Si  substrates. 


Molecule 

Radicals 

Bond  energy  (Kcal/mul) 

CH4 

CH3  ■  +H- 

104 

C113C1 

CH3  -tCl- 

83.5 

C3H3 

C2lfs  +CH3- 

85 

Stinespring  et  al.,  in  their  experimental  and  theoretical  study  of  the  H2  -  C’s/Ze  -  SiH^ 
growth  system  of  fS-SiC  ,  determined  that  the  formation  of  a  SiC  deposit  at  low  temperatures 
is  critical  since  it  prevents  substantial  evaporative  losses  of  Si  from  the  substrate  [8|.  They 
determined  that  C3//8  produces  reactive  radical  species  at  about  900  .  Ikoma  et  al.  reported 

the  growth  of  0-SiC  using  the  H2  -  CH^Cl  -  SiH4  system  with  similar  results  to  that  of  the 
H2  -  C3//8  -  SiHi  system  [4].  It  is  evident  from  Table  IV  that  both  and  C'HjCl  are 

suitable  carbon  sources  to  carbonize  the  Si  substrate  at  a  relatively  low  temperature.  Samples 
Ml  and  M2  show  that  CH4  fails  to  carbonize  the  Si  substrate.  However^  when  tlie  buffer  layer 
is  formed  and  the  Si  out  diffusion  is  capped,  the  //^  -  CH4  -  SiH^  system  by  itself  is  capable  of 
producing  l3  SiC'  bulk  layers  with  growth  rates  comparable  to  those  of  the  H2  -  -  SiH^ 

and  Hy-CH^Cl systems.  This  agrees  with  the  fact  that  CH4  becomes  reactive  at  about 
1200  (11].  Our  preliminary  findings,  however,  suggest  that  a  small  addition  of  to  CH4 

improves  the  crystal  quality  of  the  bulk  i3-SiC  layer.  Further  studies  are  needed  to  investigate 
other  growth  parameters,  such  as  gas  ratios  [.'>],  in  the  H2  ~  CH4  -  SHI^  system  in  order  to  make 
a  more  accurate  conclusions  about  the  crystal  quality.  Thus,  sample  M7  reperesents  the  buffer 
layer  growth  by  the  H2-Czlh-  SiH^  system  and  bulk  layer  growth  by  H2-CH4-C2H9-  SiH^ 
system  where  methane  to  propane  mole  ratio  is  thirty. 

The  3-D  growth  pattern  on  the  surface  of  sample  M7  can  be  qualitatively  explained  in 
terms  of  surface  mobilities.  With  CH4  providing  90%  of  the  carbon  species  fur  bulk  growth,  one 
would  expect  that  potentially  different  surface  moieties  (i.e.,  precursors  to  the  final  SiC  reaction 
product)  can  lead  to  different  sticking  coefficients,  nucleation,  and  growth  mechanisms  |8,  10]. 


CONCLUSION 

0  SiC  epitaxial  fdiiis  were  grown  on  Si  (100)  substrates  bv  the  two  step  CVD  growth 
where  buffer  layer  is  formed  by  tlie  H2  -  ^ 'jf/b  -  syslem,  and  the  bulk  layer  is  formed  by  the 

H2-  C —  -  SiH 4  where  the  methane  to  propane  mole  ratio  is  tliirty.  ll  is  determined  that 

the  small  amount  of  CjHs  improves  the  crystal  quality.  II  may  be  possible  to  further  decrease 
the  content  of  C^IIs  without  compromising  the  crystal  quality.  The  grown  layers  are  single 
crystalline  and  have  the  same  overall  crystal  quality  to  layers  grown  by  the  Hi  C'jffs  •  SiH4 
system  in  this  study.  The  electrical  properties  of  the  layers  grown  by  the  two  ga.s  sy.stems  are 
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5iiiiilar.  It  is  determined  t!iat  methane  as  llie  only  carbon  source  is  not  capable  of  carbonizung 
the  Si  surface.  However,  methane  as  the  only  source  of  carbon  is  sufficient  for  growth  of  bulk 
(3‘SiC  layers  on  a  SiCl  surface.  This  sensitivity  of  methane  to  the  surface  is  explained  in  terms 
of  the  substantial  evaporative  losses  of  Si  from  the  Si  substrate  at  temperatures  around  1200  °C 
where  methane  may  still  be  a  stable  molecule  and  hence  not  able  to  cap  the  Si  surface. 
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ABSTRACT 

Fabrication  processes  of  metal-oxide  semiconductor  (MOS)  capacitors  on  n-type.  Si-face, 
6H-SiC  were  studied.  The  effects  of  thermal  oxidation  conditions  at  temperatures  between  1 100 
and  I250°C  on  the  electrical  properties  of  MOS  capacitors  were  determined.  The  wafers  were 
annealed  under  argon  to  improve  the  C-V  characteristics.  C-V  characteristics  of  Al-SiO,-SiC 
metal-oxide-semiconductor  were  measured  at  high  frequency  in  the  dark  and  under  illumination. 
In  the  dark  inversion  does  not  occur,  probably  owing  to  the  absence  of  minority  carriers  due  to 
the  large  band  gap  of  6H-SiC.  The  accumulation,  depletion,  and  inversion  regions  were  clearly 
observed  when  the  C-V  measurements  were  made  under  illumination  for  both  wet  and  dry 
thermally  grown  oxides.  The  interface  trap  densities  and  emission  time  constants  of  fast  states 
were  determined  by  ac  conductance  measurements.  From  the  analysis  of  data  we  obtained  a  total 
of  fixed  charges  and  the  slow  interface  traps,  N,  +  N„sk,„  of  1.5  to  .^.3  x  10'^  cm fast  interface 
trap  densities,  N„p„,  of  0.5  to  1 .7  x  10"  cm'^  eV  '  and  emission  times  constant  of  0.3  to  1 .4  psec 
for  wet  oxidation.  For  dry  oxidation,  N,  -f  of  3.5  to  11.2  x  10"  cm^,  N,,,.,,,  of  0.7  to 
1.25  X  lO'"  cm'^  eV  '  and  emission  time  constants  of  0.6  to  2  pixc  were  obtained. 


INTRODUCTION 

Silicon  carbide  has  been  known  for  many  years  to  have  excellent  physical  and  electronic 
properties  which  should  allow  production  of  electronic  devices  that  can  operate  at  significantly 
higher  temperatures  compared  to  devices  produced  by  Si  or  GaAs.  The  most  important 
properties  are  its  wide  band  gap  energy  (2.9  eV  for  6H-SiC  at  room  temperature),  chemical 
stability  even  at  several  hundreds  of  degrees  Celsius  [1],  high  thermal  conductivity  (4.9  W/cm-K) 
[2],  high  breakdown  electric  field  (2  x  ICf  V/cm)  [3],  and  high  saturated  electron  drift  velocity 
(2.0  X  10’  cm/sec)  [4].  Due  to  these  electronic  and  physical  properties,  silicon  carbide  will  be 
a  useful  material  for  high  temperature,  high  frequency  and  high  power  electronic  devices  (5]. 
SiC  can  be  used  for  optoelectronic  devices  in  the  visible  (blue)  and  ultra-violet  wavelength 
regions.  SiC  based  electronics  have  potential  aerospace  and  space  applications  [6].  The 
di,  ’clopment  of  SiC  electronics  has  been  limited  due  to  the  difficulty  in  growing  high-quality, 
large-area  crystals.  In  the  past  decade,  significant  progress  has  been  achieved  in  the  crystal 
growth  techniques  such  as  liquid-phase  epitaxy  [7),  chemical  vapor  deposition  [8-9)  and  seeded 
sublimation  techniques  [10). 

The  mctal-oxide-semiconductor  (MOS)  structure  is  the  heart  of  present  day  electronics. 
A  better  understanding  of  the  electrical  properties  of  the  SiC  MOS  structure  is  of  great 
importance  to  device  operation.  Capacitors  on  both  6H  (hexagonal)  and  3C  (cubic)  SiC  with 
thermal  oxides  have  been  reported  from  Kyoto  University  (11-13).  There  is  also  a  report  of 
capacitors  on  CVD  3C-SiC  with  wet  thermal  oxides  utilizing  mercury-probe  contacts  [14].  But 
all  these  reports  dealt  with  wet  oxidation  only.  This  study  of  MOS  capacitors  examines  both  wet 
and  dry  oxidation  processes  and  their  effect  on  electrical  characteristics.  The  ac  conductance 
measurement  was  also  used  to  get  accurate  information  about  the  interface  trap  densities  and 
emission  time  constants. 
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Thermal  oxide  layers  were  grown  on  n-type,  Si-face,  6H-SiC  substraies  with  (0001) 
orientation  and  the  electron  carrier  concentration  of  —  10”  cm  A  typical  sample  size  was  0.5 
mm  in  thickness  and  1  cm^  in  surface  area.  Before  oxidation,  the  wafers  were  cleaned  with 
organic  solvents,  dipped  in  HF  acid  for  several  minutes  to  remove  the  oxide  layers  initially 
present,  and  rinsed  in  deionized  water.  The  sample  was  oxidized  by  both  wet  and  dry  oxidation. 
The  dry  oxidation  was  carried  out  by  exposing  the  SiC  to  1  f/min  of  dry  O,  at  1200-1250°C  for 
2-5  hours  in  a  horizontal  tube.  The  wet  oxidation  was  conducted  at  1 100-1250°C  for  0.5-3h  in 
an  oxygen  flow  of  1  f/min,  which  was  passed  through  deionized  water  at  90°C.  After  the 
growth  of  oxide,  all  the  samples  were  annealed  at  the  temperature  at  which  oxide  was  grown  for 
30  min  in  an  argon  flow  of  1  f/min.  Oxide  was  etched  from  a  portion  of  SiC  (Si-face)  to  make 
ohmic  contacts.  Selective  deposition  of  A1  metal  dots  with  0.75-1.5  mm  diameter  were 
evaporated  on  both  the  oxide  and  the  SiC  to  define  field-plates  and  contacts. 


RESULTS  AND  DISCUSSION 

C-V  characteristics  of  the  MOS  structures  were  measured  at  frequencies  from  100  Hz  to 
1  MHz  both  in  the  dark  and  under  illumination  (275  W  Sears  sun  lamp).  However,  the 
capacitance  data  presented  in  this  paper  were  taken  at  1  MHz  because  the  C-V  characteristics 
showed  very  small  frequency  dispersion  under  light  and  dark  conditions.  As  can  be  seen  in  Fig. 
1(a),  MOS  structures  prepared  without  argon  annealing  showed  an  accumulation  only  during  the 
first  C-V  measurement  under  illumination.  No  accumulation  region  was  observed  in  these 
samples  during  subsequent  C-V  measurements  at  I  MHz,  both  in  the  dark  and  under  illumination 
as  shown  in  Fig.  1(b).  Figure  2  and  Fig.  3  show  the  room  temperature  experimental  results 
measured  with  50  mV  ac  probe  signal  at  1  MHz  for  samples  prepared  by  wet  and  dry  oxidation. 
The  measured  C-V  behavior  was  corrected  for  the  series  resistance  [15]  of  the  devices.  There 
was  no  significant  difference  between  the  measured  capacitance,  C„,  and  the  corrected 
capacitance,  C<. 


Fig.  I  C-V  characteristics  of  the  sample  prepared  by  wet  oxidation  at  1200°C  for  60 
minutes  without  argon  emnealing  (a)  First  measurement  (b)  Second  measurement. 
Sweep  rate  was  10  mV/sec.  in  Light  and  2  mV/sec.  in  dark. 
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The  C-V  curves  under  illumination  clearly  showed  accumulation,  depletion  and  inversion. 
In  the  dark  the  C-V  characteristic  in  the  accumulation  and  the  depletion  regions  were  almost  the 
same  as  those  under  illumination.  On  the  other  hand,  as  negative  bias  increased,  the  capacitance 
in  the  dark  continued  to  decrease  even  at  the  bias  corresponding  to  the  inversion  region  under 
illumination.  The  theoretical  curve  under  nonequilibrium  conditions  is  generally  calculated  for 
the  case  where  minority  carriers  can’t  accumulate  near  the  surface  even  in  the  bias  range 
corresponding  to  inversion,  so  that  the  depletion  layer  spreads  deeply  into  the  semiconductor  bulk 
[16].  The  experimental  curve  in  the  dark  can 


Fig.  2 


C-V  characteristics  of  sample  prepared  by  wet  oxidation  at  1200‘’C  for  1  hour  with 
argon  annealing.  Measurements  were  done  both  in  dark  and  under  illumination. 
Sweep  rate  was  10  mV/sec.  in  light  and  2  mV/sec.  in  dark. 


Fig.  3  C-V  and  G/u>  vs,  voltage  characteristics  of  sample  prepared  by  dry  oxidation  at 
1250°C  for  2  hours  with  argon  annealing.  Sweep  rate  was  10  mV/sec.  in  light  and 
2  mV/sec.  in  dark. 
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be  regarded  as  the  nonequilibrium  case,  because  minority  carriers  cannot  accumulate  under 
dark  conditions,  since  both  the  minority  carrier  concentration  in  the  SiC  bulk  and  the  thermal 
generation  rate  of  minority  carriers  may  be  extremely  small  owing  to  the  large  band  gap  (2.9  eV) 
of  6H-SiC. 

The  flat-band  voltage  shift  from  the  center  of  ideal  C-V  curves  was  used  to  determine  the 
fixed  oxide  charge  density  (N,)  and  slow  interface  trap  density  (N„siow)-  P^st  interface  trap 
density  (N„pJ  was  determined  [15]  from  the  G-V  plot,  as  shown  in  Fig.  3.  Thickness  of  the 
oxide  was  calculated  from  the  capacitance  at  strong  accumulation.  The  uncertainty  in  this 
measurement  technique  is  dominated  by  the  error  (approx.  10%)  in  determining  the  contact 
diameter.  Thickness  measured  by  this  technique  was  in  good  agreement  with  the  ellipsometer 
measurements.  The  emission  time  constant  r  for  the  fast  states  was  determined  from  the  peak 
of  GJq)  versus  log  (o)  plot  which  occurs  at  ur  =  1.98. 

The  results  of  high  frequency  (IMHz)  C-V  measurements  on  MOS  capacitors  prepared  at 
different  temperatures  and  with  different  duration  by  wet  and  dry  oxidations  are  shown  in  Tables 

1  and  2.  An  analysis  of  C-V  curves  and  their  corresponding  AC  conductance  peaks  indicates 
that  the  density  of  fixed  oxide  and  fast  interface  states  in  SiO,  are  strongly  dependant  on  the 
oxidation  temperature  and  duration  of  oxidation.  It  can  be  seen  from  Table  1  and  Table  2  that 
the  flat-band  voltage  increases  with  increase  in  thickness  of  Sif),  and  this  result  is  consistent  with 
the  theory  since  oxide  thickness  is  directly  proportional  to  flat-band  voltage.  Again,  the  flat-band 
voltage  was  negative  in  wet  oxidation  whereas  it  was  positive  in  dry  oxidation.  This  shows  that 
polarity  of  oxide  charges  were  opposite  in  wet  and  dry  oxidation.  The  results  from  Tables  1  and 

2  show  that  it  was  not  possible  to  do  AC  conductance  measurements  when  the  oxide  layer  was 
thick.  For  thick  oxides,  a  peak  in  AC  conductance  measurement  was  not  observed.  This  shows 
the  conductance  measurement  is  applicable  only  in  the  case  of  thin  insulator  layer  ( <  650  A). 


Table  I 
Wet  Oxidation 


SAMPI.R 

f 

OXIDATION 
TKMP  CO 

K  TIME  (MIN) 

T,.  (A) 
KIJJIW- 
MCTKR 

T«<A) 

CAPACI¬ 

TANCE 

r - 

a  v,.(,) 

N,+N.^ 
(10‘Vni  *) 

N..,, 

(in’Vm'eV) 

Tiiiie 
Coivst. 
in  «<) 

1 

1 150,  JO 

295 

2J9 

-1.75 

I5..J9 

.5.16 

0.87 

2 

1150.  60 

427 

J5I 

-2.60 

15.57 

8.IJ 

IB3I 

3 

1(50.  (20 

598 

521 

-J.2 

15.96 

1A.42 

4 

1150,  180 

6JI 

565 

-4.* 

20.79 

- 

- 

5 

1200,  JO 

461 

440 

-6.7 

.CM  I 

14.6 

1.40 

6 

1200.60 

725 

M5 

■7,. 

UM 

7 

1200,  120 

985 

897 

24.11 

.. 

- 

8 

1200,  180 

1216 

-7.85 

I5..W 

- 

.. 

9 

1250.  JO 

791 

70S 

-7.2 

21.  .19 

- 

- 

iO 

1250,  60 

1157 

•7.9 

I4..17 

- 

M 

1250,  120 

1822 

9.74 

- 

- 

12 

1250.  180 

2111 

-9.16 

9.12 

- 
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Wet  and  dry  oxidation  growth  rates  are  shown  in  Fig.  4.  Plots  on  logarithmic  scale 
indicate  approximately  parabolic  oxidation  behavior,  which  indicate  a  diffusion-limited  reaction. 
These  results  are  in  agreement  with  previously  published  data  on  wet  oxidation  of  SiC  [12]. 


Table  2 
Dry  Oxidation 


SAMH.K 

ft 

OXIIJATION 
TKMP  (“C)  & 
TIMK  (MIN) 

(A) 

KLIJI*SO 

-MKTKK 

t_(A) 
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4  V»(v) 
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(lO’W') 

(lO'W'eV) 

Time 
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(|i  sec) 

I 

1200,  120 

628 

602 

1.0 

-3.49 

0.81 

1.57 

2 

1200,  180 

903 

837 

1.8 

-4.52 

0.70 

1.98 

3 

1200,  240 

1203 

1050 

2,9 

-5.77 

- 

- 

4 

1200,  300 

1227 

1169 

3.7 

-6.65 

- 

- 

S 

5.6 

-11.21 

0.7 

1.S7 

6 

I2S0,  180 

1390 

6.45 

-9.75 

1.25 

0.63 

7 

1250,  240 

1800 

j^QII 

-8.10 

- 

- 

8 

1250,  300 

■091 

■2SI 

-7.50 

- 

- 

Wet  and  dry  oxidation  growth  rate. 
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CONCLUSIONS 

In  conclusion  we  find  .hat  samples  prepared  by  both  dry  and  wet  oxidation  show 
accumulation,  depletion  and  inversion  region  under  illumination.  Under  dark  conditions, 
inversion  did  not  occur,  probably  owing  to  the  absence  of  minority  carriers  due  to  the  large  band 
gap  (2.9  eV)  of  6H-SiC.  A  significant  improvement  in  the  C-V  characteristics  was  observed 
after  the  oxidized  samples  were  annealed  in  argon  for  30  minutes.  The  characteristics  at  the 
frequencies  of  100  Hz  -  IMHz  were  almost  the  same  without  any  frequency  dispersion  both  in 
the  dark  and  under  illumination.  The  relation  between  the  oxide  thickness  and  the  oxidation  time 
can  be  expressed  by  parabolic  law  which  is  also  used  for  thermal  oxidation  of  Si.  SiOj  layers 
grown  by  wet  oxidation  process  possessed  a  total  positive-fixed  charge  and  slow  traps  at 
interface,  whereas  SiO,  layers  grown  by  dry  oxidation  possessed  negative  combined  charge.  The 
slow  interface  traps  have  not  been  directly  addressed  in  this  work. 
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ABSTRACT 

Chemical  and  electrical  studies  were  performed  to  determine  the  charac¬ 
teristics  of  contacts  to  6H-SiC.  Both  elemental  metals  (Ni,  Mo)  and  silicides 
(MoSij,  TaSij,  TiSij)  were  studied.  Chemical  analysis  by  Auger  Electron 
Spectroscopy  (AES)  was  performed  to  examine  interface  reactions  caused  by  heat 
treatment.  Electrical  measurements  (current- voltage  and  capacitance-voltage) 
were  made  during  annealing  sequences  to  determine  the  rectifying  or  ohmic 
characteristics  of  the  contacts.  Where  possible,  barrier  height  and  contact 
resistance  values  were  calculated. 


INTRODUCTION 

Stable  electrical  contacts  are  vital  to  the  realization  of  the  potential 
high  temperature  and  high  power  applications  of  silicon  carbide  (SiC). 

Contacts  should  maintain  stable  electrical  characteristics  (specific  contact 
resistance  or  barrier  height)  at  elevated  temperatures  for  extended  periods  of 
time.  For  power  devices,  the  contact  resistance  must  be  small  compared  to  the 
resistance  of  the  active  regions  of  the  device.  A  specific  contact  resistance 
of  the  order  of  10'*  Ocm^  or  less  may  be  required  for  many  devices[l].  This 
paper  will  report  on  electrical  measurements  (current-voltage,  capacitance- 
voltage,  transmission  line  method)  of  contacts  on  the  polar  faces  of  single 
crystal  6H-SiC.  Auger  electron  spectroscopy  (AES)  combined  with  depth  profil¬ 
ing  was  used  to  examine  interfacial  reactions  as  a  function  of  heat  treatment 
and  correlate  chemical  reactions  with  changes  in  electrical  performance.  The 
contact  materials  chosen  included  elemental  metals  (Ni,  Mo)  and  refractory 
metal  silicides  (MoSij,  TiSi^,  and  TaSi^). 


EXPERIMENTAL 

All  samples  were  fabricated  on  sublimation-grown  6H-SiC  purchased  from 
Cree  Research,  Inc.  Both  C-faced  and  Si-faced  samples  were  used.  The  A1 
contacts  were  deposited  on  p-SiC  epitaxial  films  grown  in  a  CVO  system  with  A1 
doping.  All  other  metals  were  deposited  on  as  received  n-type  substrates  with 
carrier  concentration  in  the  10”-10’®  cm  ’  range.  All  depositions  were  per¬ 
formed  by  RE  sputtering.  Prior  to  deposition,  the  native  i,xide  was  stripped 
with  buffered  HE,  the  samples  were  cleaned  with  1  HE;  1  Methanol:  10  H^O, 
rinsed  in  deionized  HjO,  and  immersed  in  methanol  until  they  were  blown  dry 
with  nitrogen  immediately  before  being  placed  in  the  vacuum  chamber.  The  base 
pressure  in  the  chamber  was  <1x10  ®  torr,  the  Ar  pressure  was  10  mTorr,  and 
the  RE  power  was  200W  except  for  the  TaSi,  and  HoSi^  depositions,  for  which  it 
was  500W.  The  Ni  and  Mo  depositions  were  from  elemental  targets.  The  MoSij  and 
TaSij  were  from  stoichiometric  compound  targets.  The  TiSi,  contacts  consisted 
of  6  layer  Ti/Si  structures  with  the  thickness  ratio  ‘sj/tij  =  2.25.  from 
atomic  density  calculations  this  should  yield  stoich .ometric  TiSi^  after 
annealing.  All  anneals  were  performed  by  a  quartz-halogen  lamp  heated  rapid 
thermal  annealer  (RTA)  in  an  ambient  of  3%  H,  in  N^.  The  RTA  was  not  equipped 
to  evacuate  the  chamber  prior  to  annealing.  The  samples  used  for  AES  and  those 
used  for  electrical  studies  went  through  separate  annealing  runs. 

The  chemical  data  for  all  specimens  were  obtained  by  AES  with  a  Perkin- 
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Elmer  590A  Scanning  Auger  Microprobe  equipped  with  a  DEC  PDF  11-04  computer 
system.  The  base  pressure  of  the  spectrometer  was  2x10’’°  torr.  The  AES  data 
were  collected  by  using  a  5  kV  primary  electron  beam  voltage  and  1/iA  of  beam 
current.  The  depth  profiles  were  performed  by  sputter  etching  with  an  Argon 
ion  beam  at  4  kV  and  in  the  continuous  sputter  mode.  The  sputtering  rate  was 
30A/min.  as  calibrated  against  Ta^Oj/Ta  standard.  All  semi-quantitative 
atomic  concentrations  were  calculated  with  the  Perkin-Elmer  MACS  VI  software 
sensitivity  factors. 

The  electrical  measurements  were  taken  from  the  circular  transmission 
line  test  structure  shown  in  figure  1.  Photolithography  and  wet  chemical 
etching  were  used  to  define  the  test  structure.  FeClj  was  used  to  etch  Ni  and 
Mo.  The  silicides  were  etched  with  HF:HNOj:2-5  H^O,  but  this  was  not  effective 
for  TiSij.  Accurate  dimensions  of  this  structure  were  measured  by  optical 
microscopy  for  each  sample  tested.  The  electrical  data  were  acquired  with 
Keithely  I-V  and  C-V  equipment  and  software.  C-V  measurements  of  rectifying 
contacts  were  made  with  the  probes  on  the  central  dot  and  outer  field  contacts 
(in  this  case,  the  outer  field  contact  functioned  as  a  "large  area  ohmic 
contact").  If  a  contact  was  found  to  be  ohmic,  an  attempt  was  made  to  calcu¬ 
late  the  specific  contact  resistance  using  the  transmission  line  model 
(TLM)[2-5].  If  one  allows  for  a  possible  change  in  the  sheet  resistance  of  the 
SiC  under  the  contact,  an  "end  resistance"  measurement  is  needed  to  calculate 
an  accurate  specific  contact  resistance  value.  The  end  resistance  was  measured 
by  a  method  similar  to  that  described  in  ref [5]. 


Figure  1:  Circular  TLM  pattern 


Figure  2:  Ni/Mo  on  Si -face  (annealed) 


RESULTS  AND  DISCUSSION 

After  examination  of  all  specimens  by  optical  microscopy,  the  chemical 
composition  of  the  films  before  and  after  annealing  was  obtained  using  AES. 
The  optical  micrographs  revealed  morphological  changes  which  often  assisted  in 
interpreting  the  AES  chemical  data. 


TaSi2: 


The  optical  micrographs  taken  before  and  after  RTA  treatment  showed  a 
smooth  surface  morphology  which  suggested  that  the  Ta  silicide  wetted  to  the 
SiC  but  did  not  undergo  any  major  chemical  reactions  with  the  substrate. 

A  depth  profile  recorded  after  RTA  treatment  revealed  that  the  contact 
film  remained  stoichiometric  with  a  Ta/Si  ratio  of  1:2.  A  sharp  silicide/SiC 
interface  indicated  no  major  chemical  reaction  with  the  substrate.  At  the 
interface,  the  C  (KLL)  peak  shape  represented  only  a  trace  of  metal  carbide, 
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even  after  annealing.  The  chemistry  of  Ta  silicide  was  identical  for  metal¬ 
lizations  on  either  the  Si-  or  C-face  of  SiC. 

Electrical  measurements  of  as  deposited  films  revealed  them  to  be 
rectifying  wi*h  Schottky  barrier  heights  of  1.8  and  1.2  eV  on  the  C-  and  Si 
faces  respectively.  Reverse  leakage  currents  were  about  10'*  A  at  -lOV.  After 
one  anneal  at  925*C  for  2  min  the  contacts  were  too  leaky  for  barrier  height 
measurements,  but  even  after  an  additional  4  min  anneal  at  925°C,  they  were 
not  linear  enough  for  TLM  measurements. 


MoSi2: 


Results  similar  to  Ta  silicide  were  observed  by  optical  microscopy  on  the 
Mo  silicide  metallization  of  6H-SiC.  Deposition  of  this  silicide  on  both  the 
Si-  and  C-  faces  yielded  smooth  and  visually  shiny  surfaces,  even  after 
anneal ing. 

The  depth  profiles  for  the  Mo  silicide  as  deposited  and  after  annealing 
and  on  both  the  Si-  and  C-face  of  SiC  showed  no  chemical  reaction  in  the  hulk 
silicide  film  nor  at  the  silicide/SiC  interface.  All  the  profiles  for  Mo 
silicide  on  SiC  were  similar  and  exhibited  sharp  interfaces  suggesting  no 
diffusion  or  reaction  with  the  SiC.  Fiom  the  atomic  concentration  profile,  the 
Mo  silicide  film  contained  several  atomic  X  of  oxygen  which  remained  in  the 
film  after  anneal ing. 

After  annealing  this  silicide,  a  small  amount  of  Mo  carbide  was  detected 
at  the  interface  when  the  individual  C  (KLL)  peak  shapes,  which  were  recorded 
during  the  profile,  were  examined.  The  peak  shape  exhibited  a  metallic  carbide 
with  some  spectral  overlapping  most  likely  from  the  carbon  in  the  SiC.  The 
formation  of  the  metal  carbide  species  at  the  interface  could  cont>-ibute  to 
the  adhesion  of  the  Mo  silicide  to  the  SiC. 

The  as  deposited  contacts  were  Schottky  with  a  barrier  height  of  1.0  eV 
for  both  polarities.  The  samples  went  through  an  identical  annealing  sequence 
as  TaSij  with  similar  results. 

TiSi2: 


The  surface  structure  of  this  silicide  after  deposition  was  smooth. 

After  RTA  treatment,  the  surface  morphology  of  the  metallization  on  both  the 
Si-  and  C-face  became  rougher. 

The  depth  profile  recorded  after  RTA  treatment  showed  a  broader  Metal/Si C 
interface,  as  compared  to  the  Ta  and  Mo  silicide  profiles  obtained  after 
annealing.  Ti  silicide  was  slightly  more  reactive.  A  gradual  and  steady 
depletion  of  Ti  started  about  halfway  into  the  metall ization  layer  and 
continued  through  the  interface  into  the  substrate.  This  contact  film  was  Si 
deficient  due  to  inaccurate  control  of  the  thicknesses  of  the  Ti/Si  multi¬ 
layers. 

An  oxide  surface  layer,  several  hundred  angstroms  thick,  was  also 
detected  from  the  depth  profile  data.  From  an  AES  survey  scan  recorded  before 
sputtering  the  annealed  Ti  silicide  surface,  the  major  elements  identified 
were  Ti  and  0  with  only  a  trace  of  Si  and  carbon.  Less  than  100  angstroms  of 
surface  oxide  were  observed  for  Ta  and  Mo  silicide.  This  is  explained  by  the 
presence  of  excess  elemental  Ti  in  tne  multilayer  structures  reacting  with 
residual  0^  in  the  annealing  ambient.  In  the  case  of  Ta  and  Mo  silicides,  the 
peak  position  and  peak  shape  of  the  Si  (tVV)  AES  transitions  for  the  surface 
Si  indicated  the  presence  of  a  reduced  Si  species,  either  elemental  Si  or 
silicide,  and  an  oxidized  Si  species.  The  single  sharp  transition  for  the 
reduced  Si  occurred  near  90eV  and  a  doublet  appeared  between  60-80eV  for  the 
oxidized  Si . 

Due  to  etching  difficulties  no  electrical  data  was  obtiined  for  TlSi^- 
Future  work  will  rely  on  reactive  ion  etching  with  SF^. 
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Ni-Ho: 


The  optical  microscopy  revealed  that  the  reactivity  of  the  contact 
material  was  dependent  upon  the  substrate's  crystal  orientation.  The  surface 
condition  of  this  metallization  on  the  Si-face  changed  dramatically  after 
annealing  from  a  somewhat  grainy  structure,  to  a  very  blotchy  surface  with 
large  circular,  rough  defect  sites  as  shown  in  Figure  2.  The  Ni/Mo  bilayer 
film  deposited  onto  the  C-face  SiC  specimen  was  uniformly  rough  after 
annealing,  with  a  texture  similar  to  the  circular  blotches  on  the  Si-face.  No 
circular  features  were  observed. 

The  AES  data  provided  considerable  chemical  information  about  the  contact 
film  both  before  and  after  annealing.  The  as-deposited  films  showed  a  similar 
chemistry  which  was  independent  of  the  crystal  face  of  the  SiC  substrate.  A 
representative  depth  profile  for  the  as-deposited  Ni-Mo  film  on  6H-SiC  is 
shown  in  Figure  3.  The  Ho/SiC  interface  was  fairly  sharp  before  annealing.  A 
well-defined  MoC  species  was  present  at  the  interface.  The  C  peak  shape  at  the 
interface,  shown  in  Figure  4,  was  identical  to  a  reference  spectrum  of  MoC 
[6]. 

The  non-uniformity  of  the  contact  film  on  the  Si -face  specimen,  after 
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Figure  3:  Ni/Mo  AES  profile(as  dep.) 
(top,  left) 

Figure  4:  C  peak  at  Ni/Mo-SiC  inter¬ 
face  (top,  right) 

Figure  5:  AES  profile  of  rough  Ni/Ho 
area  (bottom,  left) 
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aniiealing,  requireo  the  scanning  capability  of  the  AES  spectrometer.  In  Figure 
5,  the  depth  profile  for  the  grainy  areas  outside  the  raised,  blotchy  circular 
defect  siter,  indicated  that  Mo  remained  primarily  at  the  interface  with  some 
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interface. 

The  depth  profile  recorded  on  a  blotchy  area  of  the  Si  face  revealed  almost 
complete  degradation  of  the  diffusion  barrier  layer.  A  similar  reaction,  only 
less  severe,  was  also  detected  after  annealing  the  contact  film  deposited  onto 
the  C  face  SiC.  In  Figure  6,  recorded  after  RTA  treatment  of  the  C  face 
specimen,  the  top  100  angstroms  consisted  of  a  Ni^Si^  species  followed  by  a  Mo 
rich  layer  several  hundred  angstroms  thick.  The  bulk  of  the  contact  film  was 
composed  of  Ni,  Si,  and  a  neutral  C  species.  The  interface  between  the 
metallization  film  and  the  SiC  substrate  was  very  broad. 

The  as  deposited  films  were  rectifying  with  barrier  heights  of  1.8  eV  on 
the  C-face  and  0.9  eV  on  the  Si -face.  One  pair  of  samples  was  annealed 
initially  at  825°C  for  2  min  and  another  pair  was  annealed  at  700°C  for  2  min. 
This  decreased  the  barrier  height  from  1.8  eV  on  the  C-face,  to  1.2  and  1.0  eV 
after  the  high  and  low  temperature  anneals  respectively.  The  high  temperature 
anneal  did  not  effect  the  barrier  height  on  the  Si -face,  but  after  a  low 
temperature  anneal  the  contacts  were  too  leaky  to  be  measured.  All  of  the 


Figure  6;  AES  profile  of  Ni/Mo  on  C-face  Figure  7:  AES  profile  of  Ni  film 


contacts  went  through  an  additional  825'’C,  2  min  anneal,  followed  by  a  925°C, 

2  min  anneal.  At  this  point  the  Si-face  samples  displayed  a  linear,  ohmic  I-V 
characteristic.  Analysis  of  TLM  data  by  the  technique  described  in  ref[41 
yielded  specific  contact  resistance  values  between  2x10’’  and  7x10'*  H  cm^ 
measured  with  multiple  test  structures  on  both  samples.  No  dependence  on 
initial  anneal  temperature  could  be  detected.  It  appears  that  the  sheet 
resistance  of  the  SiC  under  the  contacts  has  increased,  but  the  spread  in  the 
values  for  end  resistance  made  it  difficult  to  determine  the  exact  amount. 
Uncertainty  in  the  measurements  of  end  resistance  also  account  for  the  spread 
in  the  specific  contact  resistance  values. 


Ni ; 


The  optical  microscopy  for  the  as  deposited  Ni  on  SiC  revealed  fairly 
smooth  surfaces,  independent  of  the  crystal  face.  Even  after  annealing,  the 
resulting  surface  structure  was  independent  of  the  crystal  face.  The  texture 
of  both  surfaces  became  grainy  after  thermal  treatment,  indicating  a  chemical 
reaction  with  the  substrate. 

The  AES  data  were  similar  for  Ni  on  the  different  SiC  faces.  The  depth 
profi’es  for  the  as-deposittd  fMms  showed  sharp  Ni/SiC  interfaces.  The 
profiles  recorded  after  annealing  revealed  extreme  reactivity  with  the 
substrate.  In  Figure  7,  a  NiSi  species  was  detected  in  the  top  100  angstroms 
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of  the  annealed  metallization  film.  The  bulk  film  was  no  longer  Ni  but  a 
complex  mixture  of  Ni,  Si,  and  a  neutral  C  species.  Also  at  the  interface 
before  bulk  substrate  material  was  exposed,  a  large  amount  of  neutral  C  was 
present. 

The  peak  shape  of  this  C  species  was  identified  as  an  amorphous,  neutral 
C  or  a  graphitic  C  species  and  was  similar  to  that  observed  in  previous 
studies  [7].  The  C  peak  shape  for  the  C  species  in  the  bulk,  ion-damaged  SiC 
substrate  exhibited  a  weak  minimum  immediately  before  the  major  KLL  transition 
occurring  at  274eV  as  compared  to  the  weak  maximum  displayed  in  the  amorphous 
or  graphite  type  C  in  the  upper  spectrum. 

The  contacts  were  Schottky  as  deposited,  with  barrier  heights  of  2.2  eV 
on  the  C-face  and  1.5  eV  on  the  Si -face.  Annealing  was  expected  to  form  ohmic 
contacts,  but  the  contacts  were  still  rectifying  after  two  2  min  anneals  at 
825°C.  Visually  the  films  were  dull,  grainy,  and  nonuniform.  We  believe 
contamination  of  the  RTA  is  responsible  for  this  poor  result. 


SUMMARY  AND  CONCLUSION 

The  silicide  films  appeared  to  be  the  most  stable,  with  little  reaction  on 
either  face.  The  Ni/Mo  films  were  more  stable  on  the  Si -face  and  formed  ohmic 
contacts  more  easily  on  this  face.  Elemental  Ni  was  unstable  on  both  faces, 
and  reacted  to  yield  a  lot  of  free  carbon  at  the  interface.  MoSij  and  TaSij 
formed  metallic  carbides  after  annealing,  as  did  Ni/Mo  on  the  Si  :e 

The  Schottky  barrier  heights  were  higher  (1.8-2. 2  eV)  on  the  '  ram  i 

on  the  Si-face  for  all  contacts  except  MoSi,.  Ni/Mo  films  formed  o*'  c 
contacts  after  annealing  with  contact  resistances  around  1x10'^.  More  wc.  e  is 
needed  to  develop  stable  Schottky  and  ohmic  contacts  with  good  electrical 
characteristics. 
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Abstract 

In  order  to  fabricate  high  temperature  sensors  and  other  devices,  it  is  necessary  to 
develop  ohmic  contact  metallizations  that  can  withstand  elevated  temperatures.  A  variety  of 
ohmic  contact  metallizations  were  investigated  with  contact  resistivity  measured  as  a  function 
of  anneal  time  in  air.  The  metallizations  were  based  on  Ti  and  W  ohmic  contacts,  which  have 
contact  resistivities  as  low  as  10^  O-cm’.  Several  of  the  contact  metallizations  were  stable  after 
10  hrs.  at  bSO^C,  while  one  system,  based  on  a  Ti  ohmic  contact,  was  able  to  withstand  >  20 
hrs.  at  650°C  with  only  a  30-40%  increase  in  contact  resistivity. 

Introduction 

Recently,  there  has  been  much  interest  in  semiconducting  SiC  due  to  advances  in  growth 
techniques  and  device  development  [1-3].  SiC  exhibits  unique  properties  such  as  a  wide  band- 
gap,  high  melting  point  and  large  thermal  conductivity  [4],  which  allow  it  to  operate  at  high 
temperatures.  In  addition,  SiC  has  good  mechanical  properties  at  high  temperatures  [4]  and 
large  piezoresistive  coefficients  [5],  making  it  attractive  for  high  temperature  pressure  sensors. 
The  research  program  at  Kulite  has  addressed  many  of  the  issues  in  sensor  fabrication  including 
sensor  characterization  [6],  etching  [7]  and  wafer  thinning  [8].  This  paper  is  the  first  reporting 
of  our  efforts  to  develop  a  contact  metallization  which  is  useful  at  elevated  temperatures. 

Discrete  pressure  sensors  typically  have  contacts  which  are  much  larger  than  those  used 
In  VLSI  applications.  For  example,  the  silicon  devices  manufactured  at  Kulite  use  contact 
windows  which  are  40-150  j^m  squares  [9].  Thus,  contact  resistivities  as  high  as  10 '-lO'*  are 
acceptable  for  these  metallizations.  Nevertheless,  for  high  temperature  applications,  the  contacts 
must  be  able  to  withstand  elevated  temperatures  in  oxygen  rich  environments  for  extended  lime 
periods  without  any  major  change  in  the  contact  resistivity.  In  addition,  the  metallization  must 
not  lose  adhesion  to  the  semiconductor  or  to  oxide  layers  with  which  it  is  in  contact.  It  must 
also  be  easily  bonded  to  interconnects,  such  as  Au  or  Pt  wires.  Our  first  goal  was  to  produce 
metallizations  which  could  fulfill  these  requirements  at  65(rC  for  >  10  hrs.  These  contacts 
would  be  useful  for  high  temperature  test  measurements,  whieh  use  sensors  whose  opierating 
lifetimes  are  between  10-50  hrs. 

There  has  been  a  limited  amount  of  research  done  on  melal/SiC  contacts.  In  an  early 
study,  Edmond  et.  al.  reported  several  ohmie  contacts  on  n-  and  p-type  3C-SiC  with  contact 
resistivities  as  low  as  10  ’  ll-cm^  [10].  Beilina,  el.  al.  reported  on  the  reaction  of  Ti  with  (1-SiC 
and  found  that  TiC  formed  at  temperatures  as  low  as  350^C  [11].  Furthermore,  the  formation 
of  Tie  was  not  self  limiting  unless  the  SiC  layer  was  carbon  rich.  On  a  carbon  rich  surface, 
monolayers  of  TiC  could  be  formed  at  the  Ti/SiC  interface,  but  the  Ti  would  not  react  further 
even  after  500  hrs.  at  SOO^C.  Geib  et.  al.  found  that  Ta  reacted  readily  at  400'’C  to  form  TaC 
and  was  not  self-limiting,  while  Mo  and  W  formed  very  stable  Carbides  which  would  not  react 
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significantly  at  SSCC  [12].  Recently,  McMullin  et.  al.  examined  the  durability  of  metallizations 
based  on  Ta,  Ti,  and  W  at  600°C  in  non-oxidizing  environments  [13]. 

In  this  study,  several  metallizations  based  on  Ti  and  W  were  examined.  Ti  was  chosen 
for  its  excellent  adhesive  properties  while  W  has  a  very  close  thermal  match  to  SiC  and  forms 
a  more  stable  carbide.  The  room  temperature  contact  resistivity  was  measured  as  a  function  of 
anneal  time  in  air.  In  all  of  the  metallizations  tested,  a  thin  (300  A)  layer  of  Au  was  deposited 
on  top  of  the  conductive  layer  to  make  the  subsequent  ultrasonic  bonding  process  easier. 

Elxperimental 

Contact  resistivity  was  measured  using  the  four  point  probe  method  developed  by  Terry 
and  Wilson  [14]  and  modified  by  Kuphal  [15],  as  shown  in  Fig.  1.  In  general,  the  resistance 
between  two  ohmic  contacts  has  three  components;  (1)  the  contact  resistance,  (2)  the  sheet 
resistance  of  the  material  underneath  the  layers,  and  (3)  the  spreading  resistance.  When  a 
constant  current,  I,  is  applied  between  the  two  end  contacts,  a  and  d,  of  a  four  point 
measurement  (Fig.  1)  the  voltage  drop  between  the  two  middle  contacts,  V,,,.,  is  due  only  to  the 
sheet  resistance  of  the  semiconductor.  Therefore,  the  contact  resistivity  can  be  measured  from 
the  following  equation; 

Rc  =  A/UV.,-R,-V^{ln((3s/d)-'/2)/(21n2)}l 

where  Rt=contact  resistivity,  R,=spreading  resistance,  d  =  contact  diameter  while  s  is  the 
spacing  between  the  contacts.  The  logarithmic  term  that  multiplies  takes  into  account  the 
potential  drop  between  two  circular  contacts.  If  the  contacts  are  small  enough  for  a  given 
sample  thickness,  the  spreading  resistance  can  be  neglected  [15].  In  these  experiments,  the 
spreading  resistance  term  accounted  for  less  than  25%  of  the  measured  contact  resistivity. 

The  l?-SiC  wafers  used  in  this  study  were  grown  at  the  NASA  Lewis  research  center  by 
previously  described  means  [1].  These  unintentionally  doped  films  were  10  thick  and  had 
lesistivities  ranging  between  0.2-0.8  O-cm.  The  samples  were  cleaned  using  the  RCA  method 
and  were  sputtered  with  a  40(X)  A  layer  of  quartz.  Contact  windows  were  opened  up  in  the 
quartz  using  photolithography  and  the  samples  were  then  degreased  and  cleaned  again  by  the 
RCA  method.  Before  the  metals  were  sputtered,  the  samples  were  sputter  etched  to  a  depth  of 
2(X)  A.  The  background  pressure  in  the  sputter  system  was  in  the  low  10’  Torr  range  while  the 
Ar  pressure  used  during  sputtering  was  15  #jms.  TiN  was  reactively  sputtered  from  a  Ti  target 
in  a  20%  Nj/Ar  atmosphere.  The  Pt  and  Au  layers  were  patterned  using  10:9: 1 
H20:HC1:HNOj,  while  Ti,  TiW,  and  TiN  were  etched  using  an  EDTA/H,02  solution.  The  size 
of  the  metal  pads  were  several  times  larger  than  the  contact  windows  to  prevent  any  etch 
undercutting  from  affecting  the  results.  Before  the  experiments  began,  several  test  films  were 
analyzed  using  AES  and  XPS  to  check  for  film  purity.  The  Ti,  TiW,  and  TiN  films  were 
relatively  oxygen  free,  containing  <3%  oxygen.  Pt  and  Au  films  were  free  of  any  traceable 
impurities.  The  TiN  films  were  bronze  colored  and  had  a  Ti/N  ratio  of  »  1  based  on  their  XPS 
lineshapes. 

Contact  resistivity  measurements  were  taken  from  a  0.5  cm  x  0.5  cm  chip  with  32  four 
point  probe  layouts  on  it.  Contact  sizes  ranged  from  5  #»m-30  fim  diameters,  and  the  spacing 
between  the  contacts  was  225  nm.  The  chips  were  annealed  in  air  at  650‘’C  and  750'’C  after 
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Fig.  1:  Four  point  probe  measurement  of  contact  resistivity  as  suggested  by  Kuphal  [15]. 


which  the  room  temperature  contact  resistivity  was  measured. 

Ti/Pt  and  W/Pl  Contacts 

The  first  metallization  that  was  attempted  was  a  thin  layer  of  titanium  (400  A)  covered 
with  a  thick  layer  of  Pt  (60(X)A).  These  contacts  were  used  earlier  in  a  study  of  B-SiC  strain 
gauges  [6]  and  operated  for  several  hours  at  550“C.  However,  since  Ti  and  Pt  interdiffuse 
readily  at  temperatures  above  500°C,  the  contacts  eventually  peeled  off  the  SiC.  Contact 
resistivities  of  the  ’as  deposited’  films  ranged  from  9xl0’-2.5xl0^  fi-cm^  A  one  hour  anneal 
at  650”C  caused  the  contact  resistivity  to  decrease  by  roughly  a  factor  of  two.  Linear  i-V 
characteristic  of  the  contacts  were  observed  at  650°C,  indicating  that  they  remain  ohmic  at  these 
high  temperatures.  After  two  hours  at  650“C,  most  of  the  Ti/Pt  contacts  failed,  indicating  that 
this  metallization  will  not  fulfill  the  requirements  for  high  temperature  sensors. 

W/Pt  should  provide  a  more  stable  contact  than  Ti/Pt  for  two  reasons:  1)  It  forms  a  more 
stable  carbide  and  2)  W  diffuses  much  less  that  titanium  and  in  fact  has  been  used  as  barrier  for 
Ti  based  metallizations  [13].  Fig.  2  shows  the  contact  resistivity  of  W(1400A)/Pt(60(X)A)/ 
Au(3(X)A)  films  as  function  of  anneal  time  at  650"C.  Unlike  the  Ti  based  contacts,  there  was 
no  sharp  initial  decrease  in  the  contact  resistivity,  but  rather  the  contact  resistivity  decreased  by 
only  7%  over  the  8  hour  time  span.  This  decrease  in  contact  resistivity  may  be  due  to  a  slow 
carbide  formation.  The  contacts  were  electrically  and  mechanically  stable  after  8  hrs.  at  (SSOT, 
although  some  peeling  was  observed  at  the  edges  on  the  oxide.  This  peeling  may  have  been  an 
artifact  of  the  metal  etch  which  caused  an  undercut  of  the  W  layer.  All  of  the  contacts  failed 
due  to  loss  of  adhesion  after  15  hours  at  650"C  or  after  one  hour  at  750‘’C.  This  failure  may 
due  to  a)  diffusion  of  the  Pt  into  the  W,  b)  the  oxidation  of  W,  or  c)  a  combination  of  oxidation 
and  diffusion.  However,  the  success  of  this  metallization  for  8  hours  indicates  that  it  may  have 
some  limited  usefulness  at  temperatures  between  500-650X. 
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B-SiCAV(1400A)/Pt(6000A)/Au(300A) 

Contact  Resistivity  (1 0^  Q-crrf  ) 


Fig. 2:  Room  temperature  contact  resistivity  of  W(1400A)/Pt(60(X)A)/Au(300A)on  n-type  B-SiC 
as  a  function  of  anneal  time  at  650°C  in  air. 
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Diffusion  Barriers  Between  Ti  and  Pt 

In  order  to  improve  the  contacts,  TiW  and  TiN  diffusion  barriers  were  used  to  prevent 
the  mixing  of  Ti  and  Pt  layers.  TiW  is  a  good  diffusion  barrier  since  W  is  very  immobile  and 
the  Ti  content  promotes  adhesion.  TiN  is  an  amorphous  compound,  thus  eliminating  effects  such 
as  grain  boundary  diffusion. 

Ti(400A)/TiW(1400A)/Pt(6000A)/Au(300A)  contacts  were  used  in  the  strain  gauge 
measurements  mentioned  earlier  [6].  These  strain  gauges  were  simply  thin  film  rectangular 
resistors  with  two  contacts  and  leads  at  each  end.  Although  this  configuration  did  not  allow  an 
exact  measurement  of  the  contact  resistivity,  the  failure  of  the  gauges  after  heat  treatment  could 
be  attributed  to  the  metallization  and  thus  could  act  as  a  measure  of  the  usefulness  of  the 
contacts.  The  strain  gauges  had  resistances  ranging  between  100-2000  0  at  room  temperature. 
After  3-5  hours  at  650°C,  the  gauge  resistance  increased  rapidly,  presumably  due  to  an  increase 
in  contact  resistivity,  which  indicates  the  limitations  of  this  metallization. 

Fig.  3  shows  the  contact  resistivity  of  a  Ti(400A)/TiN(1000A)/Pt(6000A)/Au(300A) 
metallization  as  a  function  of  anneal  time  at  650°C.  The  contact  resistivity  showed  a  similar 
initial  decrease  as  the  Ti/Pt  films,  after  which  it  increased  at  a  rate  of  =  2 %/hr.  These  contacts 
were  electrically  stable  after  20  hrs.  at  bSO^C.  Most  of  the  contacts  became  rectifying  after  31 
hrs.  at  bSO^C,  an  effect  which  also  occurred  after  4  hrs.  at  750°C. 

SEM  photographs  of  the  Ti/TiN/Pt/Au  contacts  before  and  after  a  20  hr  anneal  at  650°C 
are  shown  in  Fig.  4a  and  4b.  No  significant  peeling  or  buckling  of  the  films  occurred  after  the 
heat  treatment,  with  the  exception  of  a  small  bubble  that  is  present  on  the  heat  treated  contact 
of  Fig.  4b.  Bubbles  of  this  sort  formed  sometimes  after  one  hr  at  650°C,  but  did  not  change 
with  time  at  this  temperature.  The  bubbles  are  probably  caused  by  a  stress  relief  effect  and  not 
by  contamination,  since  the  bubble  formation,  when  it  occurred,  was  very  regular  within  each 
chip,  with  exactly  one  bubble  forming  on  almost  all  of  the  larger  contacts  (15-30  nm)  and  no 
bubbles  forming  on  the  smaller  ones  (5-10  jrm).  The  adhesion  of  the  metallization  to  the  oxide 
layer  remained  very  stable  after  the  anneal.  Fig.  4b  also  shows  that  some  surface  roughening 
occurs,  but  this  does  not  seem  to  significantly  affect  the  electrical  or  mechanical  properties  of 
the  films.  The  roughness  on  the  edge  of  the  ’as  deposited’  contact  of  Fig.  4a  is  due  to  etch 
undercutting  of  the  thin  Au  layer. 

These  results  indicate  that  the  Ti/TiN/Pl/Au  metallization  is  both  electrically  and 
mechanically  stable  after  >  20  hrs  at  650°C  and  has  a  low  enough  contact  resistivity  to  meet 
the  sensor  requirements  delineated  above.  Thus,  it  may  be  useful  for  test  sensors  that  operate 
between  6(K)-700“C  or  for  more  reliable  instrumentation  sensors  to  operate  between  500-550‘’C, 
It  may  be  possible  to  decrease  the  contact  resistivity  of  this  metallization  by  using  a  more  highly 
doped  SiC  layer,  enabling  it  to  meet  some  of  the  needs  of  high  temperature  IC  components. 

Ti/TiW/Pt/Au  films  were  analyzed  using  Auger  electron  spectroscopy  to  observe  carbide 
formation  at  the  Ti/SiC  interface.  This  interface  is  shown  in  Fig.  5,  which  traces  the  relative 
atomic  concentration  of  Ti,  Carbon  and  Si  in  the  4(K)  A  Ti  layer  after  a  3  hr  anneal  at  65Cf‘C  in 
nitrogen.  Pt  and  W  signals  were  both  below  the  noise  level  within  this  layer  and  thus  are  not 
shown.  The  Ti  line  closely  follows  the  carbon  line  which  suggests  that  TiC  formed  throughout 
the  layer.  Previous  anneals  of  Ti/SiC  at  this  temperature  had  a  shifted  carbon  lineshape  which 
indicates  the  formation  of  TiC.  Excess  Si,  caused  by  the  breaking  of  the  Si-C  bond  may  have 
diffused  outward  and  thus  does  not  appear  at  the  interface.  This  result  gives  some  insight  into 
the  behavior  of  the  Ti  based  contacts.  After  one  hr.  at  650°C,  all  of  these  contacts  exhibited  a 
sharp  drop  in  contact  resistivity,  which  is  probably  due  to  TiC  formation.  Once  the  entire  Ti 
layer  was  consumed,  the  contact  resistivity  did  not  decrease  further  with  temperature. 


Contact  Resistivity  vs.  Time  at  650  C 
Ti(400A)/TiN(1000A)/Pt(6000A)/Au(300A)  on  n-SiC 

Contact  Resistivity  (O-cm^  x  10^') 


rig.  3;  Room  temperature  contact  resistivity  of  Ti(400A)/TiN(1000A)/Pt(6000A)/Au(300A)on 
n-type  B-SiC  as  a  function  of  anneal  time  in  air. 
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rig.  4:  SEM  micrographs  of  Ti/TiN/Pt/Au  contacts  on  SiC  a)  as  deposited,  and  b)  after  20  hrs. 
at  bSO^C  in  air. 


Reaction  of  400  A  of  Ti  at  B-SiC  Surface 
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Fig.  5;  Auger  depth  proFile  of  a  400A  Ti  film  on  B-SiC  after  3  hrs.  at  65QrC  in  nitrogen. 
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Conclusion 

We  have  investigated  several  ohmic  contact  metallizations  on  n-type  3C-SiC.  Of  the 
metallizations  tested,  W/Pi/Au  was  reliable  for  8  hrs.  at  650"C  while  Ti/TiN/Pt/Au  was  able  to 
withstand  >  20  hrs.  at  that  temperature  without  signiflcant  deterioration  of  the  electrical  or 
mechanical  properties.  This  work  demonstrates  that  by  using  the  diffusion  barrier  approach,  the 
lifetime  of  contact  metallizations  on  SiC  may  be  increased  significantly.  Extending  these 
concepts  to  other  polytypes  and  crystal  orientations  including  polar  faces  of  SiC  should  also  be 
possible. 
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HETEROEPITAXIAL  GROWTH  OF  CUBIC  BORON  NITRIDE  ON 
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ABSTRACT 

New  X  ray  dilfraction  measurements  performed  on  boi'-ii  nitride  films  deposited  by 
pulsed  exciiner  laser  deposition  are  presented.  The  x-ray  data,  taken  with  both  a  molybde¬ 
num  rotating  anode  source  and  synchrotron  radiation,  indicate  that  the  epitaxial  cBN  films 
are  <  200  A  thick.  We  also  report  the  successful  growth  of  oriented  crystalline  diamond  on 
the  (001 )  surface  of  cBN/Si  substrates  using  the  method  of  pulsed  laser  deposition.  X-ray 
diffraction  measurements  indicate  that  the  diamond  layer  is  200  A  thick  with  a  lattice  con¬ 
stant  of  3.56  A.  The  structures  of  rnetaslable  fdms  (cBN  and  diamond)  are  very  sensitive 
to  growth  conditions:  we  present  evidence  that  an  epitaxial-crystalline  to  incoherent  phase 
transition  occurs  when  the  thickness  of  the  Hlms  exceeds  a  critical  value  200  A  for  our 
present  growth  conditions). 

INTRODUCTION 

The  development  of  both  cubic  boron  nitride  (cBN)  and  diamond  in  thin  film  form 
has  been  pursued  vigorously  over  the  last  several  years.  This  rapid  increase  in  wide-bandgap 
semiconductor  research  can  be  attributed  to  tlie  technological  impact  that  these  materials 
would  have  on  electronic  and  optical  devices  jl).  Several  deposition  processes  have  proven 
to  be  successful  in  the  growth  of  diamond  coatings,  but  the  most  widely  utilir.ed  is  plasma 
enhanced  chemical  vapor  deposition  (PECVD).  It  has  been  shown  that  under  appropriate 
growth  conditions  diamond  can  be  grown  on  a  variety  of  substrates  [2|.  However,  regardless 
of  the  deposition  technique  chosen,  tlie  resulting  diamond  coating  is  usually  polycrystalline 
and  multifaceted  w’itli  a  rough  surface.  Such  films  are  rarely  epitaxial  witli  the  substrate 
except  when  grown  on  bulk  diamond  |3|  or  cubic  boron  nitride  [  I;.  Recent  work  on  ion- 
implanted  surfaces  reports  that  epitaxial  diamond  fdnis  may  also  be  grown  on  copper  5|. 

In  many  ways  the  growth  of  high  quality  cBN  films  has  been  more  elusive  than  the 
growth  of  diamond.  While  many  deposition  leclinicjues  have  been  pursued,  there  e.xisis  no 
single  widely  used  process  for  the  growth  of  cBN  thin  lilins.  Deposition  techniques  such  as 
reactive  magnetron  sputtering,  BECVD.  ion  beam  bomliardinent.  and  reactive  evapt>ralion 
result  in  multiphase,  polycrystalliiie,  randoniiy  oriented  boron  nitride  films  except  when 
grcjwii  on  bulk  cBN  |6j  or  diamond  j7].  As  witli  diamond  films,  the  layers  are  either  of 
much  t(A»  poor  quality  to  be  useful  for  electronic  device  applications  or,  as  is  the  case  wilfi 
films  grown  on  bulk  diamond,  they  are  ecoiioinically  iinfeasable  to  be  considered  for  large 
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scale  production.  The  only  method  that  has  been  shown  to  produce  epitaxial  cBN  filrrs 
on  a  substrate  otlier  than  diamond  or  bulk  cBN,  is  the  method  of  puUed  cxcuner  laser 
deposition  (PLD)  [8].  With  this  leclinique,  thin  epitaxial  cBN  films  can  be  giown  on  (001) 
silicon  substrates. 

In  this  paper  we  present  new  results  on  the  growth  an  I  '■structural  characterization 
of  cubic  boron  nitride  films  grown  epitaxially  on  (001)  silicon  ibstrates.  W'e  also  report 
evidence  for  the  first  successtul  growth  of  oriented  diamond  films,  deposited  by  pulsed  laser 
deposition,  on  the  epitaxial  cBN. 

EXPERIMENTAL 

Boron  nitride  films  have  been  grown  on  polished,  p-type  (fUl)  silicon  wafers.  All 
substrate  preparation  procedures  and  growth  rondilioiis  for  the  boron  n'lirur  deposition 
have  been  described  in  previous  publications  [8,9].  The  most  recent  sampicr  nrep.ired  by 
this  method  typically  have  a  total  film  thickness  of  approximately  200  A  of  BN,  ancl  '.re 
grown  on  one  inch  diameter  sil.con  wafers. 

X-ray  diffraction  studies  were  carried  out  at  The  University  of  Michigan  usin^  a 
four-circle  diffractometer  with  a  rotating  Mo-anode  source  and  graphite  crystal  monochro 
mater.  In  addition,  high  resolution  scans  have  been  performed  on  several  cBN/bi  'dms  with 
synchr'^tron  rad’aii^*.  at  the  National  Synchrotron  Light  Source  at  Brookhaven  National 
Laboratory. 

DISCUSSION  AND  RESULTS 

The  crystallinity,  composition,  and  chemical  bonding  of  BN  films  (total  thickness 
1000  —  1200  A  )  grown  by  pulsed  excimer  laser  deposition  have  been  investigated  previously 
using  TEM  [8j,  x-ray  diffraction  [8),  Anger  electron  spectroscopy  (AES)  [9],  electro*  obe 
microanalysis  (EPMA)  (lO),  Rutherford  barkscattering  spe*  trosropy  (RBS)  [lOj,  electron 
energy  loss  spectroscopy  (EELS)  |9|,  spectroscopic  ellipsometry  jllj,  and  infrared  absorp¬ 
tion  i9).  Taken  collectively,  these  data  indicate  that  a  thin  (<  200  A)  epitaxia.'  rBN  layer 
is  present  at  the  Si  interface  with  the  remainder  of  iSie  film  appearing  to  be  incoherent 
sp^-bonded  BN. 

The  high  resolution  (00^)  x  ray  diffraction  measurem ‘uts,  with  the  diflrac  ion  vector 
perpendicular  to  the  silicon  substrate  surface,  give  no  evidence  for  either  eleniei  ta)  boron  or 
hexagonal  BN  in  any  of  the  BN  films  we  have  prepared  |8i.  We  have  also  note  1  orevionsly 
that  tlie  cBN  (004)  x-ray  peaks  (  wiiich  be  close  to  the  position  of  he  norn  *jly  lotbidden 
Si(tK)6)  reflection)  remain  instruinentally  narrow  even  for  very  thin  (5:  100  A)  film.  Ihis 
give.*?  evidence  that  the  Si  substrate  symmetry  ni  >,  in  ;  ome  way,  be  contributing  t  >  these 
diffraction  peaks.  This  effect  is  currently  under  investigation. 

Fig.  I  shows  a  very  weak  x  ray  tiilfradiun  peak  taken  from  a  BN  film.  The  posi'ion 
of  the  peak  indexes  to  the  (002)  reflection  of  cBN  with  a  lattice  cons* ant  ou  -  3.62  A.  A 
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Figure  1:  Conventional  6  —  2$  x-ray  diffraction  scan  of  cBN/Si  using  a  Mo  rotating  anode 
generator  (A  =  0.71  A).  The  position  of  the  peak  is  consistent  with  an  (002)  reflection  from 
a  cBN  film  havitrg  a  lattice  constant  of  3.62  A. 

structure  factor  analysis  of  the  zinc-blende  structure  indicates  that  the  strongest  reflection 
is  the  ( 1 1 1),  which  is  10-20  times  more  intense  than  the  (002).  The  cBN  (111)  reflection 
has  not  been  observed  in  (OOf)  scans  on  any  of  the  BN  films  we  have  grown  on  (OOl)  Si. 
This  indicates  that  the  cBN  is  not  randomly  oriented  with  the  silicon  substrate.  Using 
the  Debye-Scherrer  equation  (I2j,  the  width  of  the  cBN  (002)  peak  indicates  that  the  cBN 
film  thickness  is  approximately  100  A,  even  though  the  total  film  thickness  is  known  to  be 
approximately  700  A.  The  inability  to  resolve  the  A'aj  and  A’oj  splitting  of  the  cBN  (002) 
peak  inhibits  an  accurate  determination  of  the  film  thickness.  Since  the  intensity  of  this 
peak  is  nearing  the  instrumental  limit  of  detection  for  our  rotating  anode  generator,  we  ha"e 
performed  synchrotron  studies  on  thin  (total  thickness  <  200  A)  films  to  more  accurately 
determine  tlie  thickness  of  the  epitaxial  cBN  layer.  Fig.  2  shows  a  scan  of  the  synchrotron 
x-ray  intensity  with  the  diffraction  vector,  k.  normal  to  (he  substrate  surface.  The  data 
is  consistent  with  a  cBN  (002)  diffraction  peak  from  a  film  approximately  17,5  A  thick. 
These  x-ray  results  confirm  the  conclusions  of  our  previous  investigations  [S-lOj.  That  is, 
an  epitaxial  cBN  film  ~  200  A  thick  grows  initially  on  the  silicon  surface,  but  beyond  this 
thickness  the  BN  film  becomes  incoherent. 

The  apparent  200  A  epitaxial  film  thickness  is  not  well  understood  at  this  time; 
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Figure  2:  X-ray  diffraction  (OOf)  scan  of  cBN/Si  using  synchrotron  radiation  (A  =  1.744  A). 
The  position  and  width  of  the  peak  is  consistent  with  an  (002)  reflection  from  a  cBN  film 
having  a  lattice  constant  of  3.62  A,  and  a  thickness  of  ~  175  A. 

however,  crystalline  to  incoherent  phase  transitions  have  been  observed  in  other  epitaxial 
systems  [13,14).  In  the  growth  of  homoepitaxial  Si,  Eaglesham  et  al.  [13]  have  shown  that 
there  is  an  epitaxial  thickness,  at  which  a  growing  epitaxial  layer  becomes  incoherent 
( 10  to  30  A  for  growth  on  ambient  temperature  substrates).  They  attributed  the  breakdown 
in  epitaxy  to  a  roughening  of  the  growth  surface,  which  causes  a  nucleation  of  an  incoherent 
phase.  A  similar  breakdown  in  epitaxy  has  been  observed  [14]  in  the  homoepitaxial  growth 
of  GaAs,  which  among  other  things  depends  strongly  on  composition.  This  point  may  be 
particularly  salient  to  the  epitaxial  growth  of  laser  deposited  cBN.  It  has  been  shown  [15] 
that  the  hBN  target  experiences  melting  and  undergoes  a  partial  elemental  decomposition 
during  the  laser  deposition  process.  That  is,  as  a  result  of  the  beam-solid  interaction, 
nitrogen  is  liberated  to  the  gas  phase  from  the  melt  and  the  irradiated  region  of  the  target 
condenses  to  a  nitrogen  deficient  material,  BNo.s-  Subsequent  laser  pulses  on  the  nitrogen 
deficient  target  lead  to  a  nitrogen  deficient  film.  Experimental  techniques  exist,  and  arc 
currently  being  investigated,  to  increase  the  thickness  of  the  epitaxial  cBN  layer  [13,14]. 

Because  of  the  good  lattice  match  (1.4  %),  diamond  can  be  grown  heteroepitaxially 
on  cBN  [4].  We  attempted  to  grow  diamond  on  cBN/Si  (with  the  total  BN  film  thickness 
less  than  100  A)  using  the  hot-filament  CVD  technique.  These  attempts  were  unsuccessful 


because  tlie  carbon  species  generated  by  the  plasma  completely  etched  away  the  cBN  leaving 
bare  silicon.  This  is  not  surprising  in  view  of  the  fact  that  CH4/H3  plasmas  are  routinely 
used  to  etch  the  surfaces  of  III-V  compounds  prior  to  epitaxial  film  growth  [16j. 

Recently,  we  grew  laser  deposited  carbon  on  some  of  our  cBN/Si  samples  in  hope 
that  the  cBN  would  nucleate  the  diamond  phase.  In  this  experiment,  cBN  films  were  first 
grown  on  (1)0 1)  Si  substrates  following  the  procedures  outlined  in  the  previous  section.  The 
substrates  were  allowed  to  cool  to  room  temperature  in  flowing  N2  and  the  hBN  target  (used 
to  grow  the  cBN  film)  was  replaced  with  pyrolytic  graphite.  With  the  substrate  at  room 
temperature  and  the  chamber  under  vacuum  (no  gases  flowing),  100  laser  pulses  were  used 
to  deposit  approximately  20  A  of  carbon  onto  the  cBN/Si.  During  the  growth  of  the  carbon 
layer,  the  KrF  lasci  was  pulsed  at  5  llz,  and  had  a  flucnce  of  3.9  J  cm”^.  The  substrate 
temperature  was  then  elevated  to  600  "C  and  another  lOUO  pulses  of  carbon  were  deposited 
in  approximately  3x10'^  torr  of  flowing  II2.  In  PECVD  diamond  growth,  H-atoms  are 
believed  to  selectively  etch  the  sp^-bonded  carbon  constituent  of  the  film.  Since  the  plasma 
generated  by  the  laser-target  interaction  is  believed  to  h  •  a  temperature  in  excess  of  10^ 
K  [17],  sufficient  thermal  energy  exists  near  the  target  to  dissociate  molecular  hydrogen. 
However,  it  is  not  know  i  what  effect  (if  any)  that  the  hydrogen  has  on  the  carbon  species 
grown  in  this  deposition  Subsequent  to  deposition,  the  substrates  were  allowed  to  cool  to 
room  temperature  in  flowing  H2,  and  then  removed  from  the  chamber.  The  films  appeared 
optically  smooth,  clear  in  the  center  and  light  blue  on  the  edges. 

The  Raman  spectrum  of  one  of  the  C/cBN/Si  samples  is  shown  in  Fig.  3.  The 
spectrum  has  peaks  near  960,  1330  and  160-1  cm"'.  Whereas  the  peak  near  960  cm“^  is  a 
second  order  feature  of  the  Raman-active  silicon  phonon,  the  peaks  at  1330  and  1604  cm"' 
are  characteristic  of  sp^-bonded  carbon  (I8|.  Because  the  Raman  scattering  efficiency  of 
diamond  is  much  less  than  that  of  sp^-bonded  carbon,  the  Raman  spectrum  (Fig.  3)  is  nut  a 
sensitive  test  for  diamond  in  films  containing  other  forms  of  carbon  [18].  Low  energy  EELS 
measurements  are  sensitive  to  the  chemical  bonding  of  the  film  surface,  but  provide  no 
information  about  the  remainder  of  the  film.  Results  of  EELS  measurements  (not  showm) 
performed  on  a  C/cBN/Si  sample  are  also  consistent  with  the  spectrum  of  an  sp^-bonded 
carbon  film. 

X-ray  diffraction  experiments,  which  are  sensitive  to  the  crystallinity  of  the  entire 
film  thickness,  were  performed  on  the  C/cBN/Si  film.  The  data  indicate  that  the  carbon 
film  is  not  entirely  sp^-bonded  carbon.  A  plot  of  x-ray  intensity  vi'.  diffraction  angle  (26)) 
is  shown  in  Fig.  4.  Near  20  =  47®,  a  set  of  diffraction  peaks  are  present  that  index  to  the 
Kn\  and  A'aj  (004)  reflections  of  diamond  (ao  —  3.56  A).  The  measured  ({  spacing  from 
the  diffraction  peaks  is  0.890  ±  0,003  A,  which  is  in  exceUent  agreement  with  the  (0U4) 
(1  spacing  of  diamond  (0.892  A). 

We  found  no  evidence  in  the  (00/)  x  ray  (liffraction  data  for  graphite,  or  other 
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Figure  3:  Raman  spectrum  of  a  C/cBN/Si  film  prepared  by  pulsed  laser  deposition.  The 
peak  at  ~  900  cm"*  is  a  second  order  excitation  of  a  Si  phonon,  while  the  peaks  at  1330 
and  1604  cm"*  are  characteristic  of  disordered  graphite. 

diamond  orientations.  The  (004)  diamond  reflection  is  not  coincident  with  any  diffraction 
peak  from  graphite,  boron  nitride,  or  silicon,  and  the  Koi-Kaj  splitting  evident  in  the  figure 
eliminates  the  possibility  of  a  A/2  harmonic  from  an  x-ray  peak  of  the  silicon  substrate.  To 
our  knowledge,  this  is  the  first  evidence  for  the  growth  of  crystalline  diamond  by  pulsed  laser 
deposition.  Recently,  Martin  et  al.  (19)  have  reported  that  a  few  layers  of  hexagonal  carbon 
with  some  sp’  bonding  can  be  grown  epitaxially  on  (001)  Si  by  pulsed  laser  deposition  of 
graphite,  but  cited  no  evidence  for  diamond.  Based  on  the  Raman  scattering,  EELS,  and 
diffraction  data,  we  speculate  that  the  diamond  x-ray  peaks  arise  from  a  thin  diamond  layer 
adjacent  to  the  cBN  layer,  and  the  remainder  of  the  carbon  film  is  characteristic  of  sp’- 
bonded  carbon.  Since  more  intense  diamond  diffraction  peaks  (e.g..  Ill  and  220)  were  not 
observed  in  subsequent  (OOf)  scans,  we  conclude  that  the  crystalline  diamond  is  oriented 
with  the  cBN,  and  hence  the  silicon  substrate.  That  is,  the  (00l|  direction  of  the  diamond 
is  parallel  to  the  [001]  directions  of  the  cBN  and  Si.  The  widths  of  the  |004j  diamond  peaks 
indicate  that  the  thickness  of  the  diamond  layer  is  approximately  200  A.  The  diamond 
peak  intensity  is  much  too  weak  to  enable  us  to  examine  the  in-plane  orientation  with  our 
rotating  anode  source.  Diffraction  experiments  using  synchrotron  radiation  are  planned  to 
investigate  the  possible  diamond  epitaxy.  Given  the  similarities  between  cBN  and  diamond. 


Inlensily  (Counls/lOO  Sec) 
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Figure  4:  Conventional  8  —  26  scan  of  a  C/cBN/Si  film  using  a  Mo  source  (A  =  0.71  A). 
The  position  of  the  peaks  (ffa,  and  A'aj  wavelength  doublet)  is  consistent  with  the  (004) 
reflection  from  a  diamond  film  having  a  lattice  constant  of  3.56  A  and  a  thickness  of  ~  200  A. 

it  is  possible  that  the  diamond  may  also  undergo  a  crystalline  to  incoherent  phase  transition 
when  the  thickness  of  the  diamond  exceeds  ~  200  A. 

In  conclusion,  we  have  shown  for  the  first  time,  that  pulsed  laser  deposition  of 
carbon  can  result  in  a  carbon  film  that  contains  crystalline  diamond,  and  that  the  diamond 
is  oriented  with  the  cBN/Si.  We  have  also  presented  evidence  for  the  existence  of  an 
epitaxial-crystalline  to  incoherent  phase  transition  in  the  growth  of  cBN  on  (001)  Si.  With 
our  current  growth  conditions,  we  believe  that  an  epitaxial  thickness  of  approximately 
200  A  can  be  grown  before  the  onset  of  this  transition. 
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ABSTRACT 

We  are  studying  the  boron  nitride  system  by  using  a  pulsed  excimer  laser  to  ablate  from 
hexagonal  BN  (hBN)  targets  to  form  cubic  BN  (cBN)  films.  We  are  depositing  BN  films  on 
heat^  (600^C)  silicon  (100)  surfaces  in  a  flowing  (0-  10  seem)  ambient  background  gas  of  either 
NH3  or  N2  of  varying  partial  pressure  (0-100  mTorr).  Infrared  (IR)  reflection  spectroscopy 
indicates  the  films  have  short-range  hexagonal  order.  Some  films  grown  at  low  laser  energy 
densities  have  shown  the  cubic  pha.se  in  IR  transmission.  Auger  electron  spectroscopy  (AES) 
indicates  the  films  are  nitrogen  deficient,  which  is  linked  to  changes  in  the  target  stoichiometry 
with  increasing  laser  fluence.  Raman  spectroscopy  on  the  films  shows  only  a  strong  background 
luminescence  suggesting  a  high  concentration  of  defects  associated  with  the  nitrogen  vacancies. 
Atomic  force  microscopy  (AFM)  of  the  films  shows  a  surface  morphology  that  roughens  as  the 
growth  rate  increases.  In  order  to  improve  the  film  stoichiometry  it  was  necessary  to  actively 
enhance  the  nitrogen  content  of  the  films.  It  was  found  that  bombarding  films  during  growth 
with  ions  from  an  ion  gun  filled  with  NHj  gas  increased  the  N/B  ratio  but  did  not  enhance  the 
cubic  phase,  RF  biasing  the  substrate  gave  films  which  showed  both  cubic  and  hexagonal 
features  in  IR  reflection.  High  resolution  transmission  electron  microscopy  (TEM)  confirms  the 
presence  of  cBN  grains  of  ~2()0A  size  in  films  grown  with  an  RF  bias. 

INTRODUCTION 

Pulsed  laser  deposition  (PLD)  is  an  emerging  technique  for  synthesis  of  thin  film 
inaterials  of  many  different  types[  1 1,  In  particular,  thin  films  of  high  temperature 
superconductors  with  very  high  quality  have  been  synthesized  by  PLD  and  studied  extensively. 
One  of  Lhe  advantages  of  PLD  is  its  ability  to  deposit  multicomponent,  layered  structures  by 
ablating  from  several  different  targets  during  the  deposition  process.  In  addition,  PLD  offers  the 
possibility  of  depositing  metastable  phases,  such  as  cubic  boron  nitride  (cBN),  which  differ  in 
structure  from  the  original  target  due  to  the  energetics  involved  in  the  ablation  process.  In  the 
intense  plume  generated  during  ablation,  high  energy  ions,  radicals,  and  neutrals  can  be  excited 
allowing  for  chemical  reactions  both  in  the  plume  and  on  the  substrate  surface.  In  this  paper  we 
investigate  the  possibility  of  forming  cubic  boron  nitride  by  ablating  From  hexagonal  boron 
nitride  (hBN)  targets. 

cBN  films  are  of  interest  technologically  due  to  their  high  hardness  and  high  thermal 
conductivity,  much  like  diamond  films.  cBN  is  superior  to  diamond  in  several  aspects. 
Electronically,  cBN  can  be  doped  both  p-  and  n-type,  whereas  diamond  can  at  present  only  be 
doped  p-type.  In  addition,  cBN  has  a  larger  band  gap  than  diamond|2].  Mechanically,  cBN  can 
be  used  to  machine  ferrous  alloys  that  graphitize  diamond  surfaces,  and  cBN  has  a  higher 
decomposition  temperature  than  diamond.  The  major  disadvantage  of  cBN  films  is  that  they  are 
harder  to  synthesize  than  diamond  films,  although  several  groups  have  reported  success  growing 
polycrystalline  cBN  filmsl3,4,51.  One  group  has  reported  the  growth  of  epitaxial  but 
polycrystalline  cBN  on  silicon  (100)  surfaces  by  PLD|6|.  The  purpose  of  this  paper  is  to  report 
on  a  parametric  study  done  to  assess  the  feasibility  of  synthesizing  cBN  films  through  laser 
aolation  of  hBN  targets. 
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EXPERIMENTAL  METHODS 

A  schematic  diagram  of  the 
deposition  chamber  is  shown  in  Fig,  1. 

The  vacuum  chamber  is  capable  of 
attaining  a  base  pressure  of  1  x  lO'' 

Torr.  TTie  targets  were  ablated  with  a 
KrF  (248  nm)  laser  (Lambda  Physik 
LPX3(K))  capable  of  generating  30-ns- 
duration  L2-J  pulses  at  a  50  Hz 
repetition  rate.  The  laser  light  was 
focused  through  a  spherical  lens  with  a 
30-cm  focal  length  through  an  AR 
coated  window  into  the  vacuum 
chamber.  The  beam  hit  the  rotatable 
target  at  a  45°  angle  forming  a 
rectangular  spot  with  an  aspect  ratio  of 
-5:1,  varying  in  area  dependent  upon  the 
position  of  the  focusing  lens.  The 
target-to-substrate  distance  could  be 
varied  but  was  generally  held  at  -4  cm. 

The  target  was  as  received  pyrolytic 
boron  nitride  (Union  Carbide).  The 
targets  were  sanded  clean  after  each  Fig  1.  A  diagram  of  the  ablation  system, 

exposure  to  laser  light  due  to  the  boron 
enrichment  problem  described  below. 

The  silicon  (100)  substrates  (p-doped  with  B  to  0.01-0.03  flcm)  were  cleaned  to  remove  the 
surface  oxide  layer  by  a  wet  dip  procedure  involving  HF  and  NHaF  that  is  described 
elsewherel?].  In  most  cases  no  in  situ  cle».ning  of  the  Si  substrates  was  attempted  although  some 
samples  were  annealed  in  vacuum  at  800°C  for  five  minutes  immediately  prior  to  deposition.  The 
Si  substrates  were  resistively  heated,  and  their  temperature  was  measured  by  a  thermocouple 
pressed  directly  to  their  backside,  A  thickness  monitor  at  room  temperature  could  be  moved  into 
position  in  front  of  the  sample  substrate  to  measure  the  deposition  rate.  Depositions  were  made 
in  in  a  flowing  background  of  either  N2  or  NH3  gasses  (0-10  seem)  varying  in  pressure  up  to 
100  mTorr. 

Initially,  the  laser  energy  density,  film  thiekness,  baekground  gas,  and  background  gas 
pressure  were  varied,  while  the  substrate  temperature  was  held  at  600°C.  The  resultant  films  and 
exposed  targets  were  examined,  as  described  below,  and  found  to  be  nitrogen  deficient.  IR 
spectroscopy  revealed  the  films  to  be  sp^  bonded.  Consequently,  ion  bombardment  and  RF 
biasing  with  varying  substrate  temperature  were  separately  used  in  an  attempt  to  enhance  the 
nitrogen  content  of  the  films  and  promote  growth  of  the  cubic  phase.  Ions  from  an  ion  gun  were 
used  to  bombard  the  substrate  during  growth.  The  gun  was  run  from  1-5  keV  acceleration 
voltage,  using  either  Nj  or  NH3  gas  as  a  source  of  ions.  For  the  samples  grown  in  an  RF 
discharge,  the  effect  of  the  substrate  RF  bias  voltage  on  sample  growth  was  studied  by  varying 
the  input  power  to  a  N^Ar  plasma. 

Characterization  of  the  samples  was  accomplished  mainly  through  infrared  spectroscopy 
which  serves  as  a  quick  screening  process  to  determine  bulk  film  characteristics.  For  hBN  the 
bonding  is  sp^  in  nature  with  two  characteristic  peaks  at  1370  cm  •  and  800  cm  '  associated  with 
the  in-plane  B-N  bond  stretch  and  out  of  plane  B-N-B  bond  bend,  respectively!  8).  The  bonding 
in  the  cubic  material  is  sp^  in  nature  with  an  IR  active  TO  mode  at  1070  cm  '  |9|.  IR 
.spectro.scopy  reveals  the  nature  of  the  bonding  in  the  film  but  not  the  long  range  crystallinity  or 
microstructure.  Long  range  order  in  the  films  was  assessed  using  x-ray  diffraction  (XRD) 
employing  a  thin  film  geometry  at  an  incident  angle  of  0.5°  and  a  rotating  anode  source  of  Cu  Ka 
radiation.  AES  provided  information  about  the  film  stoichiometry.  TEM  was  used  to  probe  the 
microstructure  of  the  films.  TEM  samples  were  prepared  by  scribing  the  backside  of  the  Si  and 
cleaving  small  rectangular  shaped  samples  from  the  larger  wafer.  These  samples  were  silver 
pasted  to  a  flap  cut  in  a  copper  grid  such  that  the  film  surface  could  be  mount^  vertically  in  the 
microscope  to  examine  one  comer  of  the  film. 
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Fig.  2  Deposition  rate  vs.  laser  fluence  for  varying  energy  density. 

RESULTS  AND  DISCUSSION 

In  order  to  study  laser-target  interactions,  the  thickne,ss  monitor  was  used  to  measure  the 
ablation  rate  as  a  function  of  incident  laser  energy  density  and  tluence  for  rotating  and 
nonrotating  targets.  Fig.  2  shows  the  deposition  rate  as  a  function  of  laser  shots  for  various  laser 
energy  densities.  It  is  apparent  that  for  the  lower  laser  energy  densities  the  deposition  rate  falls 
off  as  the  number  of  incident  shots  increases.  For  higher  energy  densities  (>6  J/cm^)  the 
ablation  rate  is  nearly  constant.  Examination  of  the  exposed  targets  reveals  that  at  low  energy 
densities  the  once  pristine  hexagonal  boron  nitride  has  become  slightly  pitied  with  dark  cones  that 
point  toward  the  incident  laser  beam.  AES  of  the  exposed  target  shows  that  these  regions  are 
boron  rich,  as  has  been  reported  by  others!  10).  The  decrease  in  the  ablation  rate  with  time  may 
be  explained  by  the  preferential  liberation  of  nitrogen  from  the  target  leaving  boron  rich  material 
that  has  a  higher  ablation  threshold  than  hBN.  The  targets  exposed  to  laser  energy  densities 
above  6  J/cm^  show  very  clean  ablation  pits  with  no  dark  boron  rich  regions.  AFM  pictures  of 
films  grown  at  these  high  energy  densities  show  rough  .surfaces  with  large  paniculaies  (-1  pm). 
In  contrast,  the  films  grown  at  lower  energy  densities  do  not  show  these  large  particulates  and 
are  smoother.  In  order  to  alleviate  the  problem  of  changing  target  stoichiometry  for  low  laser 
energy  densities,  the  target  is  rotated  to  expose  a  larger  surface  area  to  the  incident  beam.  As  can 
be  .seen  from  Fig.  2,  this  rotation  steadies  the  ablation  rate. 
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Fig  3.  IR  reflectance  vs.  wavenumber  for  films  of  varying  thickness  grown  at  4.3  J/cm‘  in  30 
pm  of  Nj  gas  with  a  rotating  target.  No  peaks  appear  above  2(XK)  wavenumbers. 
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IR  reflection  spectroscopy  was  done  on  all  of  our  samples  to  examine  the  phase 
composition  of  the  films.  Fig,  i  shows  a  typical  set  of  IR  spectra  obtained  from  a  series  of 
samples  grown  at  an  energy  density  of  4.3  J/cm^  in  .30  mTorr  of  flowing  nitrogen  gas  with  a 
rotating  target.  The  samples  range  in  thickne.ss  from  400  to  12,000A.  The  spectra  were  ratioed 
to  the  spectrum  of  silicon  that  was  cleaned  by  the  same  HF/NHjF  dipping  process  referenced 
abovel?).  The  two  peaks  at  800  and  1 370  cm  '  indicative  of  the  hexagonal  phase  are  very 
prominent  in  the  thicker  samples  and  gradually  become  less  intense  as  the  samples  get  thinner. 
The  peak  at  1065  cm  '  indicative  of  the  cubic  phase  does  not  appear  in  these  samples. 

The  background  gas  pressure  was  varied  up  to  100  mTorr  in  order  to  determine  its  effect 
on  sample  quality.  Films  grown  in  vacuum  were  thicker  and  had  more  paniculates  than  those 
grown  in  high  pressures  of  N2,  but  the  IR  spectra  of  the  deposited  films  did  not  noticeably 
change  from  the  spectra  shown  in  Fig.  3.  Performing  the  same  study  with  NH3  as  the 
background  gas  revealed  no  changes  in  the  films,  as  determined  by  IR  spectroscopy. 

Varying  the  laser  energy  density  from  1  to  8  J/cm^  in  almost  all  cases  gave  samples  iiiai 
were  hexagon^  in  pha.se  as  detemiined  by  IR  reflection  spectro.scopy.  Three  samples  made  in  15 
mTorr  nitrogen  gas  pressure  with  a  nonrotating  target  at  energy  densities  of  1 ,  15.  and  2  J/cm’ 
show  the  peak  at  1(165  cm  ■  in  IR  transmission  indicative  of  the  cubic  phase,  as  can  be  seen  In 
Fig.  4.  (Repeating  the  measurement  in  the  IR  reflection  geometry  gave  the  same  result.)  One 
sample  made  at  I  J/cm^  showed  almost  entirely  cubic  phase  with  the  other  two  samples  showing 
increasing  hexagonal  phase  as  the  energy  density  increases.  Efforts  to  reproduce  the  results  of 
this  series  of  samples  have  not  proven  successful,  although  work  is  still  in  progress  to  do  so. 
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Fig.  4  IR  transmission  vs.  wave  number  for  three  samples  made  at  low  laser  energy  density. 

The  IR  transmission  above  2(XX)  wavenumbers  shows  no  additional  peaks. 

In  general,  films  produced  by  PLD  without  ion  enhancement  are  not  stoichiometiiv.  BN. 
Auger  analysis  of  the  as-deposited  films  show  that  N/B  =  0.70.  This  nitrogen  deficiency 
problem  may  be  linked  to  the  target  depletion  problem  described  above.  XRD  analysis  has  not 
shown  penks  indicative  of  either  the  cubic  or  hexagonal  pha.ses  suggesting  that  the  films  have 
either  very  small  crystalline  grains  or  are  amorphous.  Raman  analysis  has  not  shown  any  peaks 
but  a  strong  background  luminescence  possibly  associated  with  the  large  nitrogen  deficiency  in 
these  films. 

The  results  above  indicate  to  us  that  some  form  of  active  nitrogen  enhancement  is 
neces.sary  in  order  to  produce  stoichiometric  films  and  encourage  growth  of  the  cubic  phase.  In 
order  to  investigate  these  possibilities  two  mettiou.;  were  examined.  Th'-  first  method  involved 
the  use  of  an  ion  gun  to  bombard  the  samples  during  growth,  while  the  second  involved  RF 
biasing  the  substrate  and  varying  its  temperature. 

Two  series  of  samples  were  deposited  using  the  ion  gun.  one  with  N2  and  the  other  with 
NH3  gas  as  the  source  of  ions.  The  ion  energy  was  varied  from  1  -5  keV.  IR  analysis  of  these 
samples  revealed  that  the  films  were  hexagonal  and  that  the  cubic  phase  was  not  enhanced 
Auger  analysis  showed  that  films  deposited  with  NH3  as  an  ion  source  were  closer  to 
stoichiometric  with  N/B  =  0.90.  The  Auger  line  shape  of  the  boron  peak  for  these  samples  was 
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consistcm  w  '  ^  'le  presence  of  cBN  mnierlal  in  ilie  films;  hovsever.  the  presence  of  surface 
oxygen  ■  nm  .  aies  ineorjioraied  during  sample  handling  made  it  difficult  to  state  this 
unan'hij.  ..ausly  since  the  B  lineshape  in  BsO^  is  similar  to  that  of  B  in  cBN.|  1 1 )  XRD  analysis 
of  aicse  films  did  not  show  any  peaks,  indicating  the  films  are  either  small  grained  or 
amorphous.  Although  ion  bombardment  shows  promise  as  a  means  for  increasing  the  nitrogen 
content  of  the  films,  our  preliminary  results  show  that  we  were  not  able  to  significantly  enhance 
the  cubic  phase  through  this  melluxl. 
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f-'ig.  .‘s  IK  relleclion  vs.  wavenumber  for  four  samples  grown  in  an  RF-  plasma 
discharge  at  different  DC  bias  voltages. 

F'lltns  were  grown  in  an  Kl-  plasma  discharge,  and  the  Rl-  power  to  the  substrate  was 
varied  prixiucing  a  DC  bias  between  (I  and  'd.SOV.  The  samples  were  grown  at  a  gas  pressure  of 
!,■>  inTorr  in  a  Bowing  gas  mixture  i.TO  sccmi  of  Ar  and  N;  at  a  r.itio  of  Hi:  1 ,  respectively. 
Samples  grown  with  KF-  biasing  show  an  ciihancetiient  in  the  atiiount  of  cubic  material,  lag.  5 
shows  the  IR  spectra  for  four  samples  grown  at  different  bias  voltages.  Three  samples  show  a 
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l  ig.  b  TliM  micrograph  of  a  BN  sample  grown 
at  ^DOV  DC  bills.  The  measured  row 
spacing  of  l.7bA  is  consistent  with 
the  (2(K))planes  of  cBN. 


F  ig.  7  Fdectron  dll  fraction  pattern  of  the 
region  show  n  in  F  ig  b.  The 
diameters  of  the  rings  are  consistent 
with  those  of  cBN.  .Silicon  Bragg 
rellectioiis  for  a  |()1.^|  rone  axis  are 
also  seen. 


598 


mixture  of  both  cubic  and  hexagonal 
phase.  The  sample  grown  at  -450V  bias 
shows  only  hexagonal  material.  It  is 
apparent  that  at  a  bias  voltage  above  a 
certain  threshold  value  between  -300V 
and  -450V  only  hexagonal  material 
appears.  Fig.  6  is  a  TEM  micrograph 
of  a  sample  grown  at  a  bias  voltage  of 
-2(X)V.  The  1  .76A  spacing  between  the 
rows  of  Fig.  6  is  consistent  with  that  of 
the  (200)  planes  of  cBN.  The  positions 
of  the  rings  for  the  corresponding 
electron  diffraction  pattern  in  Fig.  7  have 
been  analyzed,  verifying  the  pre.sencc  of 
cubic  material  as  can  be  seen  in  Table  I. 

The  TEM  images  show  grain  sizes  of 

-20oA. 

CONCLUSIONS 

The  hexagonal  phase  is  predominant  for  the  samples  we  have  grown  with  PLD.  Varying 
the  laser  energy  density  has  produced  some  films  that  show  indications  of  the  cubic  phase  in  IR 
spectroscopy,  although  we  have  not  been  able  to  reproduce  the  IR  data  in  other  films  grown 
under  the  same  conditions.  It  has  also  been  shown  that  it  is  very  difficult  to  grow  samples  with 
the  proper  stoichiometry;  most  samples  are  nitrogen  deficient.  This  is  linked  to  nitrogen 
depletion  in  the  target  with  increasing  laser  fluence  making  it  necessary  to  supplement  the  growth 
procedure  by  using  some  activated  secondary  source  of  nitrogen.  Preliminary  efforts  to  do  so 
with  an  ion  gun  run  with  NH3  gas  show  improvements  in  the  N/B  ratio,  but  no  indicarion  of  the 
cubic  phase  in  IR  spectroscopy.  PLD  of  samples  in  the  presence  of  an  RF  discharge  has  led  to 
films  that  show  mixed  phase  cubic  and  hexagonal  material  in  IR  spectroscopy.  TEM  images  of 
these  samples  show  small  grained  cubic  material  of  ~200A  grain  size.  Further  efforts  are  under 
way  to  increase  the  fraction  of  cubic  material  in  the  films  deposited  in  an  RF  discharge. 
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Measured  Standard  cBN 


d(hkl) 

Intensity 

(a  =  3.62A) 

hkl 

3.150 

vw 

— 

2.110 

s 

2.084 

Ill 

1.820 

m 

1.807 

200 

1.280 

s 

1.292 

202 

1.100 

s 

1.102 

113 

1.040 

m 

1.0.55 

222 

0.920 

w 

0.914 

400 

0.830 

m 

0.829 

313 

0.810 

m 

0.808 

204 

0.740 

m 

0.7.38 

224 

Table  I.  Tht  measured  d  spacings  of  Fig.  7 
compared  to  those  of  standard  cBN. 
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ABSTRACT 

Tctrahedrally  coordinated  phases  of  boron  nitride  (c-BN  and  w-BN)  were  produced  by 
reactive  sputtering.  The  structure  of  the  films  was  inxestigated  by  XRD  and  TEM  diffrac 
tion,  and  found  to  be  polycrystalline.  Films  with  microhardness  up  to  S.SOOky/mrn^  were 
deposited  but  some  degradation  over  lime  has  been  observed.  A  model  for  the  stabilization 
of  th»  tetrahedral  phases  over  the  graphitic  one  is  proposed. 

INTRODUCTION 

Bulk  boron  nitride  exists  in  three  allotropic  forms;  the  hexagonal  graphite-like  form  (the 
thermodynamically  stable  phase),  the  zinc-blende  and  the  hexagonal  wurtzite-type  forms 
which  can  be  formed  under  high  pressure  conditions.  Boron  nitride  thin  films  fjave  been 
produced  by  a  variety  of  deposition  methods,  such  as  CVD  (1),  plasma  assisted  CVD  (2). 
ion  plating  (3),  electron  beam  deposition  (4),  and  reactive  sputtering  (5,6).  In  general,  films 
produced  by  ion  assisted  processes  were  determined  to  have  a  significant  cubic  component 
but  results  from  different  laboratories  are  conflicting  and  there  is  no  consensus  as  to  the  un- 
derb’ing  cause  for  the  stabilization  of  c-BN  over  g'BN  under  melaslable  growth  conditions. 

In  this  paper,  wc  present  data  on  the  growth,  structure,  chemistry  and  mechanical  prop¬ 
erties  of  B.N  fdms  produced  by  reactive  sputtering.  Evidence  is  presented  that  the  formation 
of  the  tetrahedral  phases  (c-BN  and  w-BN)  requires  the  incorporation  of  defects  su  h  as  .\- 
or  B-vacancies. 

EXPERIMENTAL  METHODS 

The  boron  nitride  films  were  grown  by  rf  diode  sputtering.  The  boron  nitride  target, 
a  12.7  cm  diameter  and  0.6  cm  thick  disk,  was  ('arborunduin  grade  AX20  whicli  tontains 
2%  BjOz-  The  substrates  (quartz,  sapphire,  silicon,  tungsten  carbide,  and  TiN-coated  \VC) 
were  held  6  cm  below  the  target  and  the  substrate  platform  was  electrically  floated  and 
heated  from  ambient  temperature  to  ZOO^C- The  deposition  system  was  pumped  to  a  base 
pressure  of  3  x  10'^  Torr  and  the  sputtering  was  performed  in  a  mixture  of  Ar  and  Aj  at  a 
total  pressure  from  2  to  10  mTorr.  The  partial  pressure  of  nitrogen  was  varied  from  09c  In 
100%.  The  power  in  the  discharge  was  varied  up  to  1000  Watts. 

The  structure  of  the  films  was  investigated  by  XRD  using  a  Rigaku  diffractonielcr  witli 
parallel  beam  optics,  and  TEM  diffraction  from  flakes  scraped  from  various  substrates  onto 
a  Cu-grid.  The  platelets  of  g-BN  tend  to  rest  on  the  grids  with  their  basal  planes  parallel 
to  the  grid  planes,  and  the  e-beam  is  parallel  to  the  c-axis.  Under  such  circamslances,  re¬ 
flections  (hkl)  with  /  /  0  are  extinguished  and  the  diffraction  patterns  from  g-BN  and  c-BN 
are  qualitatively  similar.  The  distinction  between  the  tw'o  structures  can  be  made  only  by 
careful!  determination  of  the  ratio  of  radii  of  the  diffraction  rings.  Oriented  g  BN  has  a  (10.0) 
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reflection  at  2.1693Aaii<l  a  (ll-O)  reflection  at  1.252lA.  Ihe  raUo  of  the  two  d-spacings  is 
1.73  and  this  should  coinside  with  the  ratio  of  the  radii  of  the  two  diffraction  rings.  c-BN 
has  a  (111)  reflection  at  2. 088 A  and  a  (220)  reflection  at  1.2785A,  and  the  ratio  of  the  radii 
of  the  two  diffraction  rings  is  expected  to  be  1.63.  w-BN  has  a  (lU.O)  reflection  at  2. 211  A, 
and  a  (11-0)  reflection  at  1.277A,  and  the  ratio  between  the  radii  of  the  two  diffraction  rings 
is  1.73.  riicrefore,  based  on  TEM  difTraction  alone,  one  can  not  distinguish  between  g-BN 
and  W'BN. 

Film  composition  was  determined  in  a  few  films  by  XlhS  and  film  inicrostructure  by  SEM 
studies. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 
A.  Film  Deposition  Process 

The  BN-target  at  the  end  of  a  run  w-as  found  to  have  a  gray  color  when  sputtering  took 
place  in  pure  argon,  suggesting  that  under  these  conditions  the  target  was  reduced  and  be¬ 
came  boron  rich.  On  the  contrary,  the  color  of  the  target  remained  unchanged  when  the 
sputtering  discharge  contained  more  than  10%  nitrogen.  This  suggests  that  nitrogen  in  the 
plasma  reacts  both  with  the  target  as  well  as  with  the  growing  BN  film. 

The  film  growth  rate  was  found  to  increase  with  the  power  in  the  discharge,  a  result 
which  is  expected.  However,  we  also  found  that  at  a  fixed  power  in  the  sputtering  discharge, 
the  film  growth  rate  increases  with  the  partial  pressure  of  nitrogen  in  the  plasma.  This  result 
is  illustrated  in  Fig.  1  for  a  series  of  films  deposited  at  200  Watts  forward  power  and  total 
pressure  of  Ar  f  Sz  —  oinTorr.  The  film  deposition  rate  was  determined  from  the  thickness 
of  the  film  divided  by  the  deposition  time.  Based  on  the  experience  of  reactive  sputtering 
from  elemental  targets,  one  would  have  expected  the  opposite  result.  Reactive  gases,  in 
general,  carry  a  significant  fraction  of  the  discharge  current,  but  contribute  very  little  to  the 
sputtering  rate(7). 


0^ 


Subslrale;  * 
SI  Substrate,  o 
SiO,  Substrate  • 


a  0  u  5  o  7b  l 


P{N2)/P  {total) 


Fig.  1.  Deposition  rate  rs 
fraction  of  nitrogen  in  the 
discharge 


One  possible  explanation  of  this  result  is  that  the  increase  in  deposition  rate  is  not  due 
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to  an  increase  in  the  sputtering  yield,  but  it  is  due  to  an  increase  of  the  thickness  of  the 
film  because  of  its  structural  transformation  from  the  cubic  to  the  graphitic  phase.  In  other 
words,  a  material  produced  in  low  concentration  of  nitrogen  has  the  tetrahedrally  coor¬ 
dinated  structure  (denser)  while  that  produced  in  high  concentration  of  nitrogen  acquires 
the  graphitic  structure.  The  mass  densities  of  the  two  structures  (pc  ij-/v  -  Z.Sgrfcm^  and 
Pg  B-N  2.2grl cm})  have  a  ratio  of  1.6,  in  approximate  agreement  with  the  observed  in¬ 
crease  in  deposition  rate. 

H.  Film  Composition,  structure,  and  microslructurc. 

The  composition  of  only  three  films  was  determined  by  XPS  analysis,  and  the  results 
are  shown  in  Table  1.  The  oxygen  in  the  films  is  probably  due  to  the  B2O3  impurities  of  the 
target,  and  oxygen  impurities  from  the  sputtering  gases  and  atmospheric  leaks.  The  carbon 
could  be  due  to  sputtering  from  the  graphite  substrate  holder. 


Table  /.  Composition  of  BN  Films 


Sample 

N 

C 

0 

BN-207 

40.4% 

40.8% 

7.1% 

iT.5% 

BN-208 

39.2% 

37.8% 

10.7% 

12.1% 

B.\'-211 

40.6% 

36.3% 

13.9% 

9.0% 

The  XRD  pattern  of  a  BN  film  produced  with  10%  N2  in  the  sputtering  discharge  on  a 
tungsten  carbide  substrate  is  shown  in  Fig.  2a.  Shown  for  comparison  in  Fig. 2b  is  the  XRD 
pattern  of  the  substrate  alone.  It  is  obvious  that  the  broad  peak  at  2$  cr  43®  is  due  to  the 
film.  However,  its  identification  is  not  unambiguous. 

The  most  intense  reflection  from  cubic  boron  nitride  occurs  at  20  -  43.3®  and  corre¬ 
sponds  to  (111)  reflection,  whose  d-spacing  is  2.0872A(8).  However,  there  are  two  reports  on 
shock-wave  compressed  boron  nitride,  which  is  reported  to  have  the  wurtzite  structure  with 
intense  reflections  in  the  same  2^-region.  The  first  type  (9)  was  produced  by  compression  of 
graphite-like  boron  nitride  up  to  550  kbar  and  its  three  more  intense  peaks,  in  an  order  of 
increasing  intensity  occur  at  20  -■  40.76®, 42.72®, 46.29®.  These  peaks  correspond  to  (100), 
(002),  and  (lOl)  reflections,  whose  d-spacings  are  2.21lA,  2.114A,  and  1.959A.  The  second 
type  (10)  was  produced  by  shock  wave  compression  derived  from  explosion  of  a  cylindrical 
charge  of  60-150g  of  hexogene.  The  XRD  data  from  this  material  were  not  indexed.  The 
most  intense  peaks  occur  at  20  =  14.08”, 23.07®, 27.6®, 33.3®, 40.9®, 43.5®  and  46.4®,  with  cor¬ 
responding  d-spacings  6.28A,  3.85A,  3.22A,  2.686A,  2.20lA,  2.07A,  and  1.955A.  These  two 
results  suggest  that  boron  nitride  with  the  wurtzite  structure  can  exist  in  many  polylype 
forms,  due  probably  to  the  formation  of  stacking  faults  parallel  to  the  (0002)  planes  (11). 
The  graphitic  BN  has  its  most  intense  peak  at  2$  26.75®,  which  corresponds  to  the  (0002) 

reflection  (d-3.328lA)  and  two  much  weaker  peaks  at  2$  41.58®  and  43.85®,  which  cor¬ 

respond  to  the  (100)  and  (101)  reflections  (12).  Finally,  it  should  also  be  mentioned  that 
elemental  boron  has  one  peak  in  the  same  2^-region.  The  most  intense  XRD  peaks  of  boron 
occur  at  20  -  20.87®, 21.81®,  and  42.74®  and  correspond  to  (003),  (101),  and  (021)  reflections 
of  this  rhombohedral  structure  (13). 

From  the  evidence  presented  in  Fig.  2,  it  appears  that  the  observed  peak  is  due  either  to 
BN  (cubic  or  wurtzitic)  or  to  elemental  boron.  However,  the  data  of  Table  I  suggests  that. 
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to  within  a  few  percent,  the  concentration  of  boron  and  nitrogen  is  the  same  and  thus,  it  is 
very  unlikely  that  the  observed  XRD  peak  originated  from  phase  separated  elemental  boron. 
To  differentiate  between  all  of  these  alternative  interpretations  regarding  the  structure  of  the 
film  we  are  currently  studying  the  XRD  in  the  2^-region  smaller  than  25'^. 
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Fig  2a.  XRD  pattern 
for  a  BN-jilm  on  a 
WC  substrate 
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Fig  2b.  XRD  pattern 
for  the  WC  substrate 


The  broadness  of  the  peak  at  29  ~  43°  could  be  either  due  to  the  small  size  of  the  crys¬ 
tallites  or  to  strain.  The  later  should  also  cause  a  shift  in  the  position  of  the  peak.  From 
Debyc-Scherrer  analysis  we  find  that  a  crystallite  size  of  about  30A  is  required  to  account 
for  the  width  of  the  line. 

Figs.  3a  and  3b  are  TEM  diffraction  patterns  for  two  BN  films.  These  data  clearly 
indicate  that  the  films  are  polycrstalline  with  no  indication  of  an  amorphous  component.  A 
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careful  examination  of  the  two  patterns  indicate  that  besides  the  two  main  rings,  pattern 
3b  has  another  diffraction  ring  in  the  perimeter  of  the  direct  beam.  This  ring  is  indexed 
as  the  (0002)  reflection  of  g-BN  whose  d-spacing  is  3.3281A.  Furthermore,  the  ratio  of  the 
radii  of  the  two  outer  rings  is  1.73.  As  discussed  previously  this  indicates  that  this  film  lias 
either  the  g-BN  or  the  w-BN  structure.  The  existence  of  the  (0002)  reflection  suggests  that 
a  significant  fraction  of  this  film  has  the  g-BN  structure.  On  the  contrary,  the  diffraction 
pattern  of  Fig.  3a  is  consistent  with  c-BN.  The  (0002)  reflection  is  not  present,  and  the  ratio 
of  the  radii  of  the  Iw’o  diffraction  rings  is  1.63. 


N  (b) 


Fig.  3.  TEM  diffraction  pallems  from  two  BN-films  (a)  c-BN  (b)  g-BN 

A  typical  surface  murphology  and  a  fractured  cross-section  for  a  BN-film  with  a  cubic 
BN  structure  is  shown  in  Fig.  4.  The  surface  is  smooth  and  featureless  and  the  cross-s'-'.'.ion 
shows  no  discernible  columnar  morphology. 


Fig  I  oEM  morphology  of  a  c-BN  film 
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C.  Film  hardness  and  stability 

The  microhardness  was  measured  in  a  large  number  of  samples.  A  number  of  them  were 
foiind  to  have  microhardness  cf  between  2500fc^/mm^  to  3500fc^/mm^.  However,  significant 
degradation  in  the  hardness  has  been  observed  over  a  period  of  several  months  from  the  time 
of  growth.  These  studies  are  in  progress  and  are  going  to  be  the  subject  of  a  future  report. 

D.  Model  of  growth  of  the  tetrahedrally  coordinated  phases  of  BN  films. 

The  theory  regarding  the  growth  of  c-BN  thin  films  is  reported  in  detail  separately  (14). 
In  this  theory,  the  incorporation  of  vacancies  (B-  or  N-vacancies)  at  the  growth  face  changes 
the  relative  binding  energy  of  cubic-  versus  graphitic-BN  so  that  c-BN  can  nucleate  and 
grow.  ESR  measurements  reported  separately  (15)  indicate  that  the  films  have  a  concentra¬ 
tion  of  N-vancancies  of  about  1%.  The  theory  also  predicts  that  off-stoichiometric  material  is 
generally  unstable  to  phase  separation.  Whether  the  observed  degradation  in  microhardness 
is  the  result  of  such  phase  separation  is  currently  under  study. 

CONCLUSIONS 

BN  films  with  structures  and  mechanical  properties  consistent  with  the  tetrahedrally 
coordinated  phases  (c-BN  and  w-BN)  were  produced  by  reactive  rf  diode  sputtering.  TEM 
studies  indicate  that  the  films  are  polycrystalline  and  XRD  studies  indicate  that  the  films 
are  either  highly  strained  or  have  a  crystallite  size  of  the  order  of  30 A.  SEM  microscopy 
indicates  that  the  films  are  dense  and  featureless.  A  degradation  in  microhardness  over  a 
period  of  several  months  has  been  observed  but  the  origin  of  this  phenomenon  has  not  been 
understood  yet. 
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ABSTRACT 

Defects  in  BN  thin  films,  produced  hy  reactive  sputtering,  were  investigated  by  Elec¬ 
tron  Paramagnetic  Resonance  (EPR)  measurements.  'I'he  EPR  signals  of  films  produced 
with  up  to  10%  N2  in  the  argon  discharge  are  consistent  with  films  having  a  cubic  structure, 
and  becoming  more  ordered  with  nitrogen  incorporation  in  the  films.  The  concentration 
of  spins  is  in  the  order  of  10^®  spins/g  and  they  are  attributed  to  nitrogen  vacancies  v^  iU; 
an  electron  trapped  in.  Carbon  incorporation  changes  the  EPR  signal  and  increases  tfie 
concentration  of  spins  significantly.  This  result  is  consistent  with  the  notion  that  carbon 
doping  stabilizes  the  electron  in  a  nitrogen  vacancy. 

INTRODUCTION 

Boron  nitride  can  exists  in  three  allotropic  forms:  the  cubic-BN  (zincblende  structure), 
the  HCr*BN  (wurlzite  structure)  and  the  graphitic-BN  (graphite  structure  with  different 
stacking  sequence).  The  first  two  phases  are  termodynamically  metaslable  and  can  be 
formed  by  the  high  temperature  and  pressure  methods  \  \].  The  synlesis  of  this  metastable 
phases  by  vapor  phase  methods  has  been  the  subject  of  an  intense  interest  over  the  past 
several  year  [2j.  Such  materials  are  anticipated  to  find  applications  as  hard  coatii^gs. 
insulators  and  semiconductors. 

In  any  class  of  materials  defects  play  a  role  in  determining  the  mechanical,  thermal, 
optical  and  electronic  properties.  It  has  been  proposed  recently  that  defects  may  also  play 
a  role  in  the  stabilization  of  diamond  and  cubic  BN  during  the  growth  of  these  materials 
at  low  pressures  and  temperatures  [3,4]  as  well  as  in  the  stabilization  of  the  cubic  phases 
of  these  materials  during  high  pressures  and  temperatures  sintering  (5,6j. 

Defects  in  bulk  graphitic  BN  have  been  investigated  by  EPR  spectroscopy  [5-13.  15- 
19).  Two  types  of  paramagnetic  center  were  identified  (7,8i.  One  is  due  to  an  unpaired 
electron  interacting  with  a  single  atom  (one  boron  center)  giving  rise  to  a  four  -  line 
EPR  spectrum.  The  other  is  due  to  an  unpaired  electron  interacting  with  three  atoms 
(three  boron  center)  giving  rise  to  a  ten  line  EPR  spectrum.  The  intensities  of  the  lines  for 
the  three  boron  center  are  in  ilie  ratio  1:3:6:10:12:12:10:6:3:1.  The  natural  abbundance  of 
"B  is  80.2  %  and  of  is  19.8  %.  The  heavier  isotope,  which  has  nuclear  spin  1-3/2  and 
nuclear  g  value  gy  --  1.792124,  determines  the  EPR  spectrum  in  BN  of  natural  isotopic 
composition.  Khusidman  and  Neshpor  |9,10|  suggested  that  the  three  boron  centers  were 
nitrogen  vacancies  with  an  electron  trapped  in,  like  F-cenlers  in  alkali  halides.  Romelt 
[llj  suggested  also  that  the  unpaired  electron  stems  from  oxygen  substituting  nitrogen 
atoms. 

The  role  of  carbon  in  the  .stabilization  of  the  electron  in  the  nitrogen  vacancy  in 
graphitic  boron  nitride  was  pointed  out  hy  several  authors  |9, 10, 12-16].  Moore  and  Singer 
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112  concluded  that  interstitial  carbon  is  responsible  for  the  coloring  and  pararnagnetisni 
in  h-BN  and  that  impurity  atoms  are  at  least  sufficient  if  not  necessary  in  creating  and 
stabilizing  particular  defects  in  the  lattice.  The  decrease  in  the  hyperfine  splitting  due 
to  the  presence  of  carbon,  up  to  a  complete  collapse  w'th  high  carbon  concer, ‘ration,  fi«. 
the  three  boron  c»‘nters  (F-center)  in  h-EiN  was  observed  by  Moore  and  Singer  12  and 
by  Andrei,  Katzir  and  Sus*?  [ifd.  This  can  be  explained  by  a  decrease  of  the  degree  of 
delocalization  on  the  boron  nuclei  of  the  atoms  in  the  first  coordination  sphere  due  tu 
the  presence  of  carbon  near  the  nitrogen  vacancy.  Theoretical  studies  on  point  defects 
i!i  graphitic  B.\  and  the  particular  problems  of  substitutional  ami  int*Tstitial  carbon 
were  presentea  by  Zunger  and  Katzir  [14‘.  Carbon  is  believed  to  play  a  similar  role  in 
the  zincblende  and  wurtzite  boron  nitride  as  suggested  by  Tikhoiieiiko,  ShuTman  and 
Cerasirnenko  [18  . 

The  EPK  spectrum  of  a  polycrystal  c-BN  consists  [6,17  and  19  of  a  single  line  with  g 
-  2.0023  and  peak  to  peak  linewidth  of  20  G,  more  recently  Zhang  and  Chen  '20  obtained 
a  single  line  with  g  2.002-18  and  peak  to  peak  linewidth  of  27  G. 

Ihe  wurtzitic  boron  nitride  show's  a  single  resonance  line  at  g  =  2.0043  and  peak  to 
peak  linewidth  of  22-25  G  f5|. 

In  this  paper  we  report  the  first  F.PR  studies  of  defects  in  BN  and  carbon  doped  BN 
thin  films  grown  by  reactive  sputtering  on  silicon  substrates. 

EXPERIMENTAL  METHODS 

The  BN  films  used  in  this  study  were  produced  by  reactive  sputtering  from  a  hexagonal 
BN  target  in  an  atmosphere  of  argon  and  nitrogen.  The  kinetics  of  growth  oi  t)N,  as  ail 
other  III-V  compounds,  requires  that  stoichiometric  films  can  only  be  formed  when  the 
fiux  of  group  V  element  (N)  is  higher  than  the  flux  of  group  III  element  (B).  A  set  of 
films  was  produced  by  varying  the  nitrogen  partiaJ  pressure.  In  order  to  investigate  the 
role  of  carbon  impurities  in  the  EPR  signals  a  number  of  films  were  also  produced  in  an 
atmosphere  of  argon,  nitrogen  and  methane.  Films  for  this  study  were  grown  on  silicon 
(100)  substrates  and  self  supporting  films  were  obtained  by  disolving  the  substrate  in  a 
solution  containing  HF  and  HNO3.  Details  on  the  growth  conditions  have  been  reported 
in  the  previous  paper  |2l|. 

EPR  measurements  were  carried  out  on  an  X-band  Varian  E9  spectrometer  at  room 
temperature  and  using  a  100  KHz  field  modulation.  Different  modulation  amplitudes  were 
used  in  the  atempt  to  resolve  the  hyperfine  structure.  The  g-values  were  evaluated  by 
comparison  with  a  Mn:  SrO  reference.  The  absolute  number  of  spins  in  the  samples  was 
obtained  by  comparison,  under  the  same  experimental  conditions,  with  a  a,  a'-diphenyl- 
/3-picryIhydrazyl  (DPPH)  reference. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  EPR  signal  of  the  target  material,  pyrolitic  graphitic  boron  nitride,  is  shown 
in  figure  1.  The  g  value  of  the  spectrum  is  2.0029  ±.  0.0004,  the  hyperfine  interaction 
constant  is  .A  =  8.0  ±  0.5  Gauss  and  the  resolution  parameter  is  =  0.5,  where 

is  the  peak  to  peak  linewidth  of  a  single  component.  From  the  isotropic  hyperfine 
interaction  constant  A  we  can  evaluate  lv(0)l^  at  the  boron  nuclei  of  atoms  in  the  first 
coordination  sphere  23]: 

A  =  ^g09N0N\vW\^ 

where  g,  g,\  are  the  electronic  and  nuclear  g  values  respectively,  3,  3s  are  the  electronic 
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2:  EPR  iignals  fro[u  samples  grown  at  difTereni  partial  .V;  pressure. 


and  nuclear  Bohr  ma.gn€tons  and  is  the  normalized  wave  function  of  the  F  -  center 
electron.  We  have: 

|u.*(0)j-  =  1.05*  (2) 

These  result.s  are  in  agreement  with  those  reported  earlier  ["-lOj. 

EPR  studies  were  conducted  on  BN  films  grown  at  different  partial  pressure.  Such 
films  are  expected  to  have  a  variable  concentration  of  nitrogen  vacancies  which  have  a  sig¬ 
nificant  effect  on  the  structure  and  properties  of  the  films  f21,22!.  More  specifically,  it  was 
found  [2lj  that  films  produced  in  less  than  10%  of  Nj  in  the  sputtering  discharge  have  the 
cubic  structure,  while  those  produced  at  higher  N^  partial  pressure  are  soft  and  unstable 
upon  exposure  to  the  atmosphere.  The  investigated  samples  and  the. corresponding  EPR 
results  are  presented  in  Table  I.  The  EPR  signals  for  the  films  produced  in  pure  argon 
and  in  50%  argon  50%  nitrogen  are  presented  in  figure  2. 


Sample 

%iV2 

g-vaJue 

[Gauss] 

N. 

[spins/g] 

BN2H 

2.0024±0.0004 

31  =  1 

4.40  *  10‘® 

BN222 

2.0025±0.0004 

23=1 

2.04  *  10‘^ 

BiN249 

10 

2.00254:0.0004 

21  =  1 

1.51  •  10*® 

BN257 

12 

2.0029±0.0004 

18=1 

“l.31  •  10*® 

B.\269 

50 

2.0029=0.0004 

Lil£L- 

4.04  *  10*® 

Table  I.  Growth  condition  and  expenmental  results  for  different  %iV2. 

The  samples  grown  in  less  than  10%  Nj  show  a  g  value  consistent  with  the  results 
reported  on  the  cubic  phase  of  BN.  At  higher  partial  nitrogen  pressure  the  g  value  is 
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consistent  v.-ith  the  results  reported  on  the  graphitic  B.\.  The  density  of  paramagnetic 
cie.eCuS  in  the  investigated  nims  was  found  to  depend  oc  the  partial  pressure  of  nitresen 
as  indicated  in  ftgure  3.  Tne  inctial  decrease  of  the  spin  density  v.n:h  the  partial  pressure 
Cl  N;:  is  consistent  with  tne  notion  that  the  defect  is  a  nitrogen  vacancy.  As  discussed 
in  ttie  pre’/ious  paper  [2li  the  Increase  in  the  spin  density  at  higher  partial  pressure  of 
nittOgen  may  be  related  to  the  structural  tranformation  from  predominantly  cubic  to 
picdoniinantly  more  defective  graphitic  structure.  The  decrease  of  the  peak  to  peak 
line'width  with  the  increase  of  the  nitrogen  partial  pressure^  as  shown  in  figure  4,  is 
indicative  that  the  film  becomes  more  ordered  with  nitrogen  incorporatit  a.  The  g  value, 
the  peak  to  peak  linewidth  as  well  as  the  lack  of  a  resolved  hyperfiiie  structure  are  in 
general  agreement  with  the  results  reported  for  the  cubic  phase  of  BN'  '6,17-20^ 

As  previously  pointed  out  carbon  seems  to  play  an  important  role  in  the  srabilization 
and/or  formation  of  the  paramagnetic  center.  We  invesigated  the  effect  of  carbon  in  BN* 
films  by  varying  the  partial  pressure  of  C 3^  in  the  discharge.  The  investigated  samples 
and  the  corresponding  EPR  results  are  presented  in  Table  II.  The  EPR  signals  for  the 
fUms  produced  in  0%  methane  5%  carbon  are  presented  in  figure  5. 


Sample 

%.V: 

%CH^ 

g. value 

A.ffpp 

iGauss: 

y,  1 

Ispins/g; 

B\343 

10 

0 

2.0025=0.0004 

2iml 

1.51  .  iO*’ 

B\24S 

10 

1 

2.0032=0.0004 

20=1 

3.32  -  10-^ 

BN25S 

10 

2 

2.0031=0.0004 

16=1 

1.32  .  10-“  . 

B.v-:52 

10 

0 

2.0035=0.0004 

T~i 

1.35  -  '.0““ 

Table  II.  Grow-m  :on.i::ions  and  e-xperlmen-.a!  results  for  ii.ueren; 
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g  value  as  function  of  partial  CH^  pressure. 


V\e  observed  an  increase  in  the  g  value,  as  shown  in  fig.  6.  which  can  be  e.xpiained 
by  the  higher  spin-orbit  interaction  due  to  the  presence  of  carbon.  No  hyperfine  splitting 
was  observed.  This  can  be  due  to  disorder  and/or  to  the  mentioned  reduction  of  the 
electronic  delocalization  on  B  neighbors.  The  collapse  of  the  hyperfine  splitting  is  then 
the  result  of  rapid  electron  exchange  between  the  nitrogen  vacancies  and  nearby  carbon 
atom  or  clusters  of  carbon  atoms. 

The  density  of  paramagnetic  centers  increases  as  the  partial  pressure  of  CH^  increases 
as  shown  in  fig.  7.  This  is  in  agreement  with  the  interpretation  of  the  role  of  carbon  in 
stabllyzing  the  defects.  The  decrease  of  the  peak  to  peak  Unewidth  as  the  partial  pressure 
of  C increases,  shown  in  fig.  8,  can  be  explained  by  the  exchange  narrowdng  due  to  the 
increase  of  the  defects  concentration  [24]. 

The  saturation  data  for  all  the  samples  studied  show  partial  inhomogeneous  broadening 


Spin  density 
[  spins/g  1 


2cJ-20 

- - j— - - - j - , - P— j  P 

— - - ^ 

1.8«*20  ! 
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1.5c^20  , 
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1.4e-20 

r  ♦ 

l.2e^20  1 

r 

le-r-20  ' 

L 

1 

8f-18  , 

6r-19 

4e^l9  j 

r 

2e^l9^ 

> 

1 

0  12  3  4  5  6' 

%CH^ 

Figure  7;  Density  of  spins  as  function  of  partial  C  pressure. 
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Figure  8:  Peak  to  peak  linewitlth  as  function  of  partial  C prrs.sure. 

related  to  disorder  or  unresolved  hyperfine  splitting.  Tliis  aUo  explairieci  the 
cbarncler  of  the  resoiiance  signal.  A  spin-lattice  rclaxati«ui  time  f’\  sec.,«r:d>.  ir. 
of  lU  ^  was  evaluated  [25  from  the  saturation  data  of  both  sets  of  sarnpIcN.  'I'he 
grown  at  5/'c  C//4  has  a  Ti  one  order  of  magnitude  smaller,  which  is  e.xpected  du'-  t'*  ih.' 
larger  concentration  of  defects. 

CONCLUSIONS 

Defects  in  DN  films,  produced  by  reactive  sputtering  in  an  aln:*>>phcre  c-r.t.ii:.;:  c 
Ar  *  NN  as  well  as  Ar  -Nj-CH^,  were  investigated  by  EPR  measurement.s. 

We  found  that  fiims  produced  with  up  to  lOTc  NN  in  the  argon  discharge  h.ave  a 
line  FPR  signals  with  g  value  and  lincwidth  consistent  with  what  has  been  ob.'ervec 
high  pressure  cubic  BN.  We  also  observed  that  the  concentration  of  spin,  which  are  in  t:.e 
order  of  10^^  spins/g,  is  reduced  with  increasing  the  nitrogen  pressure  ir.  the  d’^rharge 
suggesting  that  the  paramagnetic  center  is  a  nitrogen  vacancy  with  an  electron  trapped 
in.  Additionally,  a  narrowing  of  the  lincwidth  with  increasing  the  nitrogen  pressure  i>  an 
indication  that  the  structural  order  of  the  films  improves  with  nitrogen  incorporation. 

Films  produced  at  a  nitrogen  partial  pressure  higher  than  10*^  in  the  argon  discharge 
show  an  increase  in  the  spin  density  which  is  inconsistent  with  the  notion  that  nitrocen 
incorporation  reduces  the  number  of  nitrogen  vacancies.  Additionally,  the  g  v.Uues  in 
this  films  is  2.0029  which  is  characteristic  of  g-BN.  Thus,  stoiochiometric  films,  i.e,  th  -e 
produced  at  high  nitrogen  partial  pressure,  have  the  graphitic  structure,  in  agreement 
with  the  conclusions  of  the  previous  paper  [2l].  The  higher  spin  density  can  be  accvjur.teu 
for  by  the  instability  of  the  graphitic  films  upon  exposure  to  the  atmosphere  2i  . 

Doping  by  carbon  increases  both  the  spin  density  as  well  as  the  g  value  in  agreemment 
with  the  notion  that  carbon  stabilizes  the  electron  in  the  nitrogen  vacancy.  It  is  important 
to  notice  that  even  in  our  films  which  were  not  intentionally  doped  with  carbon  there 
should  be  some  impurities  (i.e,  C,  O)  which  stabilize  the  electron  in  the  nitrogen  vacancy. 

These  findings  are  consistent  with  the  model  that  nitrogen  vacancies  are  required  in 
stabilize  the  cubic  phase  of  this  material  [3,4]. 
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I  Sk  CMAHAC'n;K  I S  r  ICS  os  cubic  boson  NITHIUK  ci<:ystals 
i'ANGOiNG  /HANG  ANb  GUANGHUA  CHKN 

Dtpdrtnu'nt  (if  PhysM'S,  Hanzhdu  Univt-rsity,  H.jri/’.hou  7  iOUO  I  , 
.Ch  1  na 


ABSTHACT 

K 1  (  <•  1  i on  spin  rt'sonanci'  (KSS)  spt'ct.rum  have  hctni  used  to 
study  uiidoped  (_-uhic  boron  nilrid/'  crys  t  a  Is .  The  r(,-suiLs  show  that 
the  peak-t  o-pufik  width  of  the  KSR  signal  is  27xl(rT  and  the  g- 
vdUu'  IS  2.00248.  the  spin  dL'tisity  N  g  is  2.8x10^^  cnr*^,  it  Is  con- 
si(i*'red  that  the  HSR  signal  is  originated  from  the  nLi.roqr-n 
dangling  bond.  Raman  sp»‘('t  rum  nit-asuri'menls  have  been  also  earri- 
I ‘d  out  ,  t  lu'  pfu^ik  posit  ions  are  at  10S4  cm"  ^  and  1208  cm'* 


I n  t  roduct ion 


Since  the  ri'alization  of  the  synthesis  of  eur-ie  boron  ni¬ 
tride  ((,:BN)  crystals  by  Wentort  [II  in  1957,  the  d(::vt:  lopmont  of 
cBN  crystals  has  pursued  vigorously  in  the-  past  f<.'W  years  .  .S  i  m  i - 
lar  to  diamond,  bonding  in  cBN  have  the  covahnnt  asp^/cts  which 
provide  a  f.  e  t  r  ahedr  a  1 -bond  i  ng  structuri. —  the  rutjic  structure  of 
zin<’  blende,  so  tins  ci^rripound  was  found  to  t'e  cheniically  inert, 
thermally  c:onriucting,  elt^’l  r  ica  I  ly  resistive,  arid  with  a  hard¬ 
ness  second  only  to  that  of  diamond,  it  is  an  at  t  ract  ive  mat<'- 
rial  for  mechanical,  (.‘lectronic  and  optu'al  ap'p  I  i  cat  ions  . 

The  use  ot  cBN  in  ('lectronic  de'Viccs  designed  to  cjp/'rat  e  at 
high  t  (Mipt'rat  uri'  is  (‘sp«“Cjally  not)<*eable,  the  h  i  gh- 1  <'mpera  t  u  r-.- 
diode  [2]  and  the  u  1 1  rav  i  o  le  t  -  1  v  ght  v'mit.im  diode  I  havi-  tjt'on 

already  reporti'd.  But  the  high  didCct  d('nsity  in  svnthot  ic  cBN 

have  strorig  inf  luence  on  the  performance'  c^f  t  hi'Se-  device’s, 
which  rjhstructs  t  I'k’  wide-spicad  uses  ot  this  kind  of  mater-]. 

In  this  work,  eli'ctron  spin  rt'sonance  (KSR)  and  Raman  sp'.'ctra 
measur».'ments  tiave  be-en  catried  out  t -i  study  t  tie  d'-th'ct  and 

m  !  c  ros  t  r  ik:  l  u  re?  in  cBN,  and  the  original  ion  of  the  eleft-cts  has 

bef . [ .  I  xp  1  or f-d  . 


l.xper  irnen  t  a  1 

cBN  crystals  used  in  this 
sure,  t.  ■  h- 1. emper at  ure  method, 

1  mm  X  0.5  mm.  Equilibrium  ESR 
grains  havi?  b*’en  carried  out 
spectrometer  in  X-baiul  at  30U 
the  m  j  c  ff 'w’av«’  powt>r  was  kept  b« 


work  we-re  prepared  by  ti  i  qh -pr  e." - 

mm  X 

>1  tile.se 

2('ur-SR(.‘ 
loo  Kll:'.  , 
sa  r  ui  ai  1  '.'n 
14  0  2x10“^  r 
140  1  mode  1 
u.seii  f  er 


the  grain  sis.*'  w<is  at)out 
spe’ctrum  nu'asui  emt.'nt  s 
by  usincg  a  BRUKtIv'  I  K 
K.  Modulat  ion  t  leld  was 
low  2  mW  to  avoid  t  h»' 
the  (•(•ntcr  magnetic  t  u'ld  was 
('BN  was  ot. tamed  tiy  a  .SRK.X 

5145  A  liru'  of  an  Ar  l<isei  was 
xcitat.i(»n,  th('  incident  pow('r  was  2(U)  mW . 


of  1  he  de  feet  SI  ana  1 s , 
Ram<in  .spectrum  of 
Ranian  s pec t  r om(’ t  er  .  A 
t  hi 


fOupiilts  and  discussions 

A  typical  f;SR  spectrum  of  cBN  is  shown  in  R  i  (j .  1  .  As  we  cun 
S(  (•  from  this  f  igure,  the  1  iru'shapi'  of  the  F.SR  sigiiiil  is  lU 
l.oreniz  t  yf>e  ,  the  g-value  calculated  f  i  (.im  the  KSR  sp(‘ctru:n  is 
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Fig.l.  ESR  spectrum  of 
cBN  crystals  at  300  K. 


Fig. 2.  Raman  spectrum  of  cBN  crystals. 

-  4 

2.00248,  the  peak-peak  width  ^Hpp  is  2/xlO  T.tht'  spin  density 
IS  2 . 8x  1 0  ^  ^cm"  ^  .  The  calibrating  specimen  for  the  <juan  t  1 1  a  ;  i  vc* 
measurements  is  I.i:F:Li  with  g=  2.00229,  and  /iHpp  -  0.bxl0“‘^T. 
From  the  g-value  we  deduct'd  that  the  ESR  signal  ot  t  hi'  cBN 
originated  from  the  nitrogen  dangling  bond. 
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Shown  in  Fig. 2  is  the  Raman  spectrum  of  the  cBN.  Here  wc  can 
see  that,  the  Raman  scattering  peak  of  the  TO-mode  is  at  1045.5cm''’ 
and  the  LO-mode  is  at  1306.5  cm“'^,  the  peak  intensity  ratio  of 
the  TO-mode  and  LO-mode  is  about  2,  this  result  is  consistent 
with  that  of  Ref. 4.  Fig. 2  also  demonstrates  that  there  is  a  fair¬ 
ly  wide  scattering  band,  this  indicates  that  there  exists  a  cer¬ 
tain  component  of  disordered  phase  in  the  cBN,  which  is  respon¬ 
sible  for  the  high  defect  density  obtained  from  the  ESR  measure¬ 
ments  . 
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ABSTRACT 

The  effect  of  substrate  bias  on  the  properties  of  rf  sputtered  boron  nitride  films  on  Si  and  GaAs 
substrate  were  investigated.  IR  transmission  and  reflectivity  of  films  with  different  substrate  bias 
were  measured  with  Perkin  Elmer  983  IR  spectroscopy.  From  the  IR  reflectivity  data,  transverse 
optical  mode{TO)  and  longitudinal  optical  mode(LO)  frequencies  were  derived  by  fitting  Kramcr- 
Kronig  model.  Absorption  coefficient  was  determined  from  IR  transmission  data.  The  resultant  TO 
and  LO  modes  showed  that  substrate  bias  caused  broadening  of  reststrahlen  band  of  rf  sputtered 
boron  nitride.  We  also  tried  to  dope  boron  nitride  films  with  silicon  by  alternate  sputtering  of  BN 
and  Si  targets  controlling  sputtering  time  of  each  target  followed  by  annealing.  Electrical  resistivity 
was  measured  over  the  temperature  range  between  175  K  to  370  K  for  both  intrinsic  and  Si-doped 
boron  nitride  films.  Intrinsic  rf  sputtered  boron  nitride  showed  little  change  in  resistivity  (10®  0 
cm  -  10**  D  cm  )  over  the  temperature  range  studied.  While  Si  doped  BN  showed  linear  change  in 
resistivity  with  increasing  temperature  and  its  activation  energy  was  about  0.22  eV.  The  effect  of 
substrate  bias  was  also  investigated  by  monitoring  the  XPS  core  level  spectra  of  both  B  Is  and  N 
Is  peaks,  respectively.  Substrate  bias  caused  the  shift  of  both  B  Is  and  N  Is  peak  to  higher  binding 
energy.  The  effect  of  substrate  bias  on  refractive  index  was  also  studied. 

1.  INTRODUCTION 

Boron  nitride  has  many  useful  properties  BN  can  be  prepared  several  ways,  such  as  sputtering!  1- 
2],  chemical  vapor  deposition[3l.  ion  plating(4),  etc.  Especially  in  the  sputtered  BN  films,  substrate 
bias  has  been  known  to  affect  the  phase  of  sputtered  BN.  Some  authors|4]  have  reported  that 
substrate  bias  is  solely  responsible  for  the  formation  of  cubic  phase  BN  while  Seidel  el  al[2l'  data 
showed  slight  broadening  of  IR  band  on  increasing  bias.  However  not  much  study  has  been  done  on 
the  effect  of  substrate  bias  on  the  optical  properties  of  sputtered  BN  films.  Therefore  we  studied  the 
effect  of  substrate  bias  on  the  optical  properties  of  rf  sputtered  BN  films  by  monitoring  reststrahlen 
band  characteristics  of  films  prepared  with  various  substrate  bias  voltage.  TO  and  LO  modes  of 
resultant  films  were  calculated  by  Kramer-Kronig  modeI(5j  from  IR  reflectivity  data.  In  addition, 
XPS  spectra  of  B  Is  and  N  Is  was  also  taken  to  see  how  the  substrate  bias  effect  the  chemical 
bonding  of  sputtered  BN.  Another  important  aspect  in  the  study  of  BN  film  lies  in  the  electrical 
doping.  Here  we  attempted  to  dope  BN  with  Si  by  alternate  sputtering  of  BN  and  Si.  Electrical 
resistivity  was  measured  over  the  temperature  range  for  both  intrinsic  and  Si-doped  BN  films. 

2.  EXPERIMENTAL  DETAILS 

Boron  nitride  films  were  sputtered  from  BN  target(99.99%)  by  MRS  8667  three  target  sequential 
rf  sputtering  unit.  Most  of  films  were  were  deposited  in  Ar/Nj  mixture.  Films  were  deposited  with 
a  rf  power  of  250  W  both  at  room  temperature  and  at  200®C-  Substrates  were  sputter  etched  for 
30  minutes  at  200W  just  prior  to  deposition.  The  partial  pressure  of  nitrogen  was  kept  at  4.0mT 
-  5.0  mT  to  make  near-stoichiometric  BN  films  as  indicated  by  our  earlier  experiments.  The  total 
pressure  of  Ar/Nj  mixture  was  kept  fixed  at  8  mTorr  for  all  depositions.  Substrate  bias  between 
-100  V  to  0  V  was  applied  during  sputtering.  Deposition  rale  of  boron  nitride  films  varied  from 
19  ~  to  28A/min  with  substrate  bias  voltage.  For  doping  with  Si,  Si  was  deposited  at  a  power  of 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  242.  ‘  1992  Materials  Research  Society 


6t8 


Bias  vollage(V) 

Refractive  index 

0.0 

20 

■20.0 

1.9 

-50.0 

1.6 

•100.0 

1.67 

Table  1:  Refractive  index  vs.  bias  voltage. 


MvesuosSu  (<a- 1) 

Figure  1:  The  effect  of  substrate  bias  on  IR  transmission  of  BN  films 

100  W  in  the  same  environment  used  to  deposit  boron  nitride.  After  Si-doped  BN  was  annealed 
at  500‘’C  for  30  minutes  in  N3  atmosphere.  X-ray  photoelcclron  spectroscopy  was  carried  out  by 
Physical  Electronics  PHI  5500  muililechnique  surface  analyzer.  The  test  chamber  was  pumped  by 
a  sputter  ion  pump  with  auxiliary  titanium  sublimation  pump  and  the  base  vacuum  was  about  7 
X  10“'®  Torr.  All  the  measurements  were  done  in  the  vacuum  better  than  2  x  10'®  Torr.  Mg  Ko 
radiation  of  1253.6  cV  was  used  as  the  excitation  source.  Analyzer  energy  was  71.55  eV.  To  avoid 
the  shift  of  peak  by  static  charging,  all  peaks  were  referenced  to  Is  peak  of  adventitious  carbon  at 
284.6  eV,  measured  at  an  accuracy  of  0.1  eV.  Infrared  transmission  and  reflectance  was  studied  over 
the  wavenumber  of  4000cm"'  -  600cm"*  by  a  Perkin  Elmer  983  double  beam  IR  spectrophotometer. 
Refractive  index  was  measured  by  ellipsometer  at  a  wavelength  of  6328/4.  Electrical  resistivity  was 
measured  by  four  point  probe  method  using  two  Kietbley  616  electrometer  at  room  temperature. 
The  change  in  resistivity  with  temperature  increase  was  monitored  by  conventional  two  point  probe. 
Two  aluminum  contacts  separated  by  the  distance  of  1.0  mm  were  deposited  on  BN  films  on  AI2O3 
substrates  by  rf  sputtering. 

3.  RESULTS  AND  DISCUSSION 

The  effect  of  substrate  bias  on  refractive  index  of  BN  film  is  shown  in  Table  1.  Substrate  bias 
seems  to  reduce  refractive  index. 

Figure  1  shows  IR  transmission  curves  of  BN  films  deposited  with  different  bias.  For  all  the 
films,  two  absorption  peaks  characteristic  to  hexagonal  boron  nitride  are  found  at  1378  cm"*  and  780 
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Figure  2:  The  effect  of  substrate  bias  on  absorption  coefficient  of  BN  films  depositerl  a) 

Si  b)  GaAS  substrates 

cm'^  which  is  due  to  B-N  stretching  nnd  B-N-B  bending.  Films  sputtered  with  '20V  bifts,  showed 
two  additioDAl  peaks  at  3400  cm"*  and  around  2500  cm"*  which  lacks  in  the  films  deposited  with 
higher  bias.  These  peaks  are  thought  to  be  due  to  N'H  stretching  and  B-H  stretcbiDg[6].  Seidel  et 
al[2]  reported  similar  results.  Therefore  it  is  possible  to  say  that  substrate  bias  reduces  the  amount 
of  hydrogen  in  the  films.  However,  we  could  not  sec  any  shift  in  both  1378  and  780  cm"*  with  the 
change  of  the  substrate  bias. 

The  effect  of  bias  on  the  absorption  coefficient  is  shown  to  figure  2.  For  BN  films  deposited  both 
on  Si  and  GaAs  substrates,  the  absorption  cotfBcieat  decreases  with  the  iocreAse  of  substrate  bias. 
In  order  to  find  out  TO  and  LO  modes  of  the  films,  IR  reflectivity  data  was  fitted  using  Kramer- 
Kronig  relation.  Figure  3  exhibits  good  agreement  between  measured  reflectivity  and  fitted  data 
by  Kamer'Kronig  relation  for  films  deposited  without  bias.  Figure  4  shows  the  effect  of  bias  on  the 
refractive  index  calculated  by  Kramcr-Kronig  relation. 

Table  2  lists  TO  and  LO  modes  of  biased  and  unbiased  films.  LO  and  TO  modes  were  obtained 
from  the  minima  and  maxima  of  modulus  of  tbe  dielectric  constant.  As  shown  in  table  2,  there  is 
no  shift  in  tbe  position  of  TO  mode  with  substrate  bias.  This  corroborates  tbe  fact  that  there  is  no 
shift  in  1380  cm"*  in  IR  transmission.  Contrary  to  TO  mode,  LO  mode  showed  a  shift  to  higher 
energy  with  substrate  bias,  thereby  causing  broadening  of  tbe  reststrahlen  band.  Based  on  tbe  IR 
data  we  assume  that  our  BN  film  is  amorphous  or  oanocrystalliDe  hexagonal.  However,  we  have 
not  seen  appreciable  change  in  the  structure  of  films  except  broadening  of  IR  band  with  substrate 
bias.  Gissler  et  a][8|  reported  similar  results  for  BN  films  by  magnetron  sputtering. 

The  effect  of  substrate  beating  was  also  studied.  Although  substrate  beating  seems  to  increase 
tbe  depositica  rate,  it  has  little  effect  on  optica)  properties.  Figure  5  shows  the  effect  of  beating  on 
the  absorption  coefficient. 

Figure  6  shows  XPS  survey  spectra  of  BN  films  deposited  with  -50  V  substrate  bias.  Figure  7 
shows  (he  effect  of  substrate  bias  on  XPS  core  level  spectra  of  B  Is  and  N  Is.  Substrate  bias  caused 
tbe  shift  of  both  B  Is  and  N  Is  peak  to  higher  binding  energy. 

BN  is  a  wide  bandgap  semiconductor  and  it  is  very  important  to  be  able  to  control  its  electrical 
properties.  We  tried  to  dope  BN  films  with  silicon  by  alternate  sputtering  of  BN  and  Si  targets. 
Resistivity  of  intrinsic  BN  films  is  in  tbe  range  of  (10^  0  cm  -  10**  0  cm  at  room  temperature. 
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Figure  3:  Measured  and  fitted  IR  reflectance  of  BN  films  prepared  with  no  bias. 
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Figure  4.  The  effect  of  substrate  bias  Figure  5.  The  effect  of  substrate  heating 
on  refractive  index  of  BN  films  on  Si.  on  absorption  coefficients  of  BN  films. 


Films 

LO  mode 

TO  mode 

Uodoped,  unbiased 

1728  cm-' 

1378  cm-' 

Undoped,  biased 

174 1  cm"* 

1378  cm-' 

Table  2;  LO  and  TO  modes  of  BN  films. 
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Figure  7:  The  shift  of  XPS  peaks  of  a)  B  Is  b)  N  Is  for  different  substrate  bias. 
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Figure  8:  Conductivity  ai  a  function  of  temperature  ajintrinsic  b)  Si  doped  BN  film. 


Tlie  cundurlivit y  of  intrmsir  BN  films  as  a  function  of  temperature  deposited  with  -50V'  substrate 
bias  is  shown  figure  a).  There  is  little  change  in  the  conductivity  over  the  temperature  range 
studied.  The  conducti\ity  of  Si  doped  BN  film  sputtered  under  (he  same  condition  is  shown  as  a 
function  of  temperature  in  figure  S  b).  It  shows  linear  increase  in  the  conductivity  with  the  increase 
in  temperature,  which  proves  that  the  film  is  doped.  Activation  of  Si-doped  BN  films  was  about 
0  J'i  eV  Mishima[7)  reported  similar  results  for  Si-doped  n  type  BN  films.  Detailed  discussion  of 
Si -doped  BN  films  will  be  published  elsewhere. 

4.  CONCLUSIONS 

The  effects  of  substrate  bias  on  the  propertiers  of  rf  sputtered  BN  film  has  been  investigated 
for  botli  undoped  and  Si-doped  BN.  Rostslrahlen  band  was  calculated  using  Kramer-Kronig  model 
from  IR  reflectivity  data.  Substrate  bias  is  seen  to  cause  broadening  of  restslrahlen  band  of  rf 
sputtered  BN.  It  is  also  shown  that  doping  of  BN  Si  can  be  achieved  by  alternate  sputtering  of  BN 
and  Si.  Linear  increase  in  the  conductivity  of  Si  doped  film  with  temperature  increase  showed  that 
fi’-n  is  dop#vj  Its  a^  ivation  energy  was  about  0.22  A'. 
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ABSTRACT 


TTie  submillimeter  optical  properties  of  hot-pressed  boron  nitride  with  a  hexagonal  crystal 
structure  were  studied  at  room  temperature  from  approximately  20  cm  '  to  120  cm  '  (SOOpm  - 
84  pm)  with  a  Fourier  Transform  Spectrometer.  Several  grades  were  studied  and  probed  both 
parallel  and  perpendicular  to  the  material's  optic  axis.  The  material  was  found  to  behave  as  a 

negatively  uniaxial  birefringent  crystal.  In  one  case,  the  birefringence  (An  =  ne  -  n„)  was  quite 
large  with  a  value  of  -0.152.  The  material's  absorption  properties  were  also  studied.  For 
certain  grades,  a  modest  dichroism  was  observed.  The  low  absorption  (a  <  1  cm  ')  for  grade  A 
at  frequencies  below  38  cm  '  suggests  the  possibility  for  millimeter/submillimeter  wave 
applications.  Results  are  compared  with  data  by  other  researchers  on  related  materials. 


INTRODUCTION 


Boron  nitride  (BN)  has  received  considerable  attention  within  the  last  few  years  due  to  its 
favorable  mechanical,  electrical,  optical  and  chemical  properties  over  a  wide  range  of 
temperatures.  BN  crystallizes  in  two  forms;  cubic  (zinc  blende)  and  hexagonal  structures.  BN 
films  grown  by  processes  such  as  CVD  and  sputtering  have  the  cubic  crystal  structure  (similar 
to  that  of  GaAs).  This  material  is  used  in  applications  such  as  transmitting  substrates  for  X-ray 
lithography  masks,  high  quality  insulating  films  for  metal-insulator-superconductor  (MIS) 
structures,  and  coatings  to  increase  the  hardness  of  materials.'  The  material  used  in  this  study 
was  hot-pressed  BN  where  the  raw  material  is  subjected  to  a  high  uniaxial  compressive  force  at 
an  elevated  temperature.  This  results  in  an  orderly  arrangement  of  the  boron  and  nitrogen  atoms 
(a  structure  similar  to  that  of  graphite,  see  Figure  I).  Boron  nitride  has  previously  been  studied 
in  the  ultraviolet,  optical,  infrared,  and  microwave  frequencies.^-^’'*  Its  low  absorption 
coefficient  in  the  microwave  has  made  BN  a  candidate  for  window  material  for  gyrotrons,  free 

electron  lasers  and  reentry  vehicle  communication  systems.'’-'  This  paper  reports  the  optical 
properties  of  hexagonal  BN  (/t-BN)  in  the  submillimeter  region  of  the  spectrum. 

A  material  with  a  hexagonal  crystal  structure  is  known  to  be  optically  anisotropic  with  a 
single  optic  axis  coinciding  with  the  axis  of  crystal  symmetry.*  In  this  case,  the  dielectric 
constant  e  is  a  3x3  tensor.  The  dielectric  tensor  can  be  shown  to  be  symmetric^  and  the  nine 
components  reduce  to  six  where  E,j  =  £jj  for  j  *  i.  Furthermore,  there  exists  an  orientation  of  the 
cartesian  coordinate  system  where  its  axes  are  alined  with  the  material's  preferred  axes  (i.e.  in 
the  hexagonal  ca.se,  one  of  the  cartesian  axes  alined  with  the  optic  axis).  This  coordinate  system 
is  referred  to  as  the  principal  set  of  axes  and  the  six  components  of  E  will  reduce  to  three  (Ej,  Ey. 
£,)  where  the  off  axis  elements  are  zero. 


^Materials  with  a  (ciragonal.  trigonal  or  hexagonal  crystal  structure  have  a  single  optic  axis  and  arc  said  to  be  uniaxial. 
Orthorhomhic,  monoclinic  and  triclinic  systems  have  two  optic  axes  and  arc  said  to  he  biaxial.  The  remaining 
crystallographic  system,  cubic,  is  optically  isotropic.^ 
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With  the  cartesian  coordinate  system  alined  along  the  materials's  preferred  axes  as  in 
f  igure  1,  Cy  will  et|iial  e,  due  to  the  degree  of  symmetry  inherent  in  the  hexagonal  crystal 
structure.  In  this  case,  the  x  axis  is  the  axis  of  .symmetry  (the  optic  axis)  and  the  planes  of 
atoms  are  in  the  y-z  plane.  This  leaves  the  dielectric  constant  (or  equivalently  the  complex 
refractive  index,  n  -  ik)  to  be  detennined  for  just  two  case.s;  (I)  the  electric  field  parallel  to  the  x 
axis  and  (2)  the  electric  field  in  the  y-z  plane. 

1  lot  pressed  hexagonal  boron  nitride  was  obtained  in  four  grades  (A,  HP,  M,  M26)  from 
The  Carborundutn  Co.  in  Niagara  Fall,  NY.  Two  samples  per  grade  were  provided;  one  whose 
fiat  surfaee  was  parallel  to  the  crystal  planes  and  one  whose  flat  surface  was  perpendicular  to  the 
crystal  planes.  With  a  controlled  incident  linear  state  of  polarization,  the  response  of  both 
parallel  and  [lerpendicular  directions  to  the  optic  axis  could  be  probed. 


Figure  I  Orientation  of  the  cartesian  ccKtridinate  system  to  coincide  with  the  material's 
preteiTed  ;txis  ;ind  the  arrangement  of  planes  of  atoms 
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The  optic  axis  of  the  parallel  cut  samples  is  obviously  normal  to  the  .sample  surface.  For 
nonnally  incident  radiation,  these  disks  were  expected  to  behave  as  optically  i.sotropic  materials. 
The  optic  axis  of  the  perpendicular  cut  samples  lay  somewhere  along  a  diameter  and  had  to  be 
located.  This  direction  was  determined  in  the  following  manner.  5I3kim  radiation  from  a  CO; 
optically  puttiped  suhmillimeier  laser  was  propagated  through  a  pair  of  wiregrid  polarizers,  the 
wires  oriented  orthogonally  with  respect  to  one  another.  The  BN  sample,  mounted  in  a 
computer  controlled  rotation  stage,  was  situated  between  the  two  wiregrids  as  shown  in  Fiaure 
s 


BN 

wet  WG2 


Figure  2  F.xpcriment  to  determine  the  location  of  the  optic  axis  on 
the  (lerpendicular  cut  samples 

The  laser  radiation,  linearly  polarized  by  WGl.  was  incident  on  the  BN  which  was  rotated  while 
the  detector  collected  intensity  data.  In  general,  the  birefringent  properties  of  the  perpendicular 
citt  BN  de[iol;irized  the  incident  linear  state  of  polarization  and  WG2  passed  a  portion  of  this  to 
the  detector.  I  lowever,  when  the  optic  axis  of  the  BN  crystal  was  parallel  or  perpendicular  to 
the  w ires  of  WCi  1 ,  the  linear  .state  incident  on  the  BN  remained  polarized  since  this  state  probed 
only  r,  or  fy,  tiot  a  cotnbinalion  of  both.  For  these  orientations  (obviously  four  orientations  per 
sample)  WG2  retlected  all  radiation  incident  upon  it  and  the  intensity  at  the  detector  was  zero. 
This  procedure  allowed  for  the  determination  of  the  two  orthogonal  axes  in  the  plane  of  each 
[ier[iendicular  cut  sample  to  within  two  degrees. 
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In  order  lo  distinguish  the  optic  axis,  a  Fourier  Transform  Speclronietcr  was  employed 
iVorn  18  cm  I  to  1  IS  cm  >.  Our  inslriimenl  has  been  optimized  for  long  wavelcgth  d;;;.i 
collfction  by  n^iny  a  Uiiiiid  helium  cmiled  silicon  bolometer  "vilh  a  ctroleil  tow-pa^s  filter  as  the 
deleclor.  Dat;i  was  collected  with  a  resolution  of  0. 1  cm  A  pair  of  wire-grid  polarizers 
configured  with  their  wires  parallel  were  positioned  in  front  of  the  BN  to  insure  a  well  defined 
linear  sltite  incident  on  the  material.  Twelve  spectra  were  collected  in  total.  The  first  four  were 
grades  A,  HP,  M  and  M26  in  the  parallel  orientation.  The  remaining  eight  were  the  four  grades 
with  the  optic  axis  parallel  and  perpendicular  to  the  incident  linearly  polarized  radiation.  The 
transmission  spectra  for  grades  A  and  M26  in  the  perpendicular  orientation  are  shown  in  Figure 


trequency  cm  1 
Figure  3a 

Grade  A  (extraordinary  axis) 


T 


frequency  cm-1 


Figure  3b 

Grade  A  (ordinary  axis) 


Figure  3c 

Grade  M26  (extraordinary  axis) 


Figure  3d 

Grade  M26  (ordinary  axis) 


.Spectra  for  grades  1  IP  and  M  in  the  perpendicuhir  orientation  are  similar  to  (but  not  identical)  to 
the  M26  spectra  and  are  not  shown.  The  spectra  of  the  parallel  cut  samples  are  not  show  n  as 
they  were  nearly  identical  to  one  of  the  two  perpendicular  cut  samples  (as  expected)  and  were 
useful  only  in  detennining  which  axis  was  the  extraordinary  (optic)  axis  and  which  one  was  the 
ordinary  axis.  Grade  A  is  interesting  because  of  its  lower  loss  and  M26  is  interesting  because  of 
Its  dichroic  behavior.  Boih  of  these  points  will  be  returned  lo  later  in  the  Results  and  Di.scussion 
section. 


Derivation  of  the  Oiitical  Properties 

The  niaterial's  refractive  index  n,  and  absorption  coefficient  a.  were  both  determined 
from  the  transmissivity  data.  Characteristic  of  all  of  the  spectra  is  the  rapid  oscillation  which  is 
caused  by  the  interference  between  the  front  and  back  surfaces  of  the  sample  (channel  spectra). 
A  transmission  maxima  occurs  when  an  integral  number  of  wavelengths  within  the  material 
etpials  twice  the  thickness: 
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m  K  =  2u 


wIktc  X.|,  equals  A/n  and  in  =  0,  1,  2,  3,...  or  written  another  wiay:  n 


where  v  is  the 

2  t  V 


rretineney  in  cm  The  thickness  of  the  samples  were  measured  with  an  uncertainly  of 
tODOOl"  (±3nni).  With  the  order  number  and  kxtation  in  frequency  of  each  of  the  maxima 
determined,  ;i  \  tilue  of  n  could  then  be  asstKiated  with  each  peak  of  the  spectra.  Values  of  n  for 
the  extraordinary  (optic)  axis  and  perpendicular  to  it  (ordirnry  axis)  are  given  in  Figure  4  and  are 
labelled  n,-  and  iii,  respectively.  The  uncertainly  in  n  is  ±  ().(X)6  and  is  due  primarily  to  the 
uncenainty  in  the  material's  thickness  (5t/l  =  0.00.)). 


Koal  paritrl  iIk*  Uflratlivo  Inctox  tor 
(itiiklv  A  hort)!)  Niirutv 


ix  2K  )X  JX  '■X  ox  7k  XX  'M  1i‘XllX 

IroijuotKv  cm  \ 

Figure  4  a 


Real  part  of  the  Refractive  iruiex  for 


Roiil  [f.iri  ol  the  KctTsicUvc  liiilcx  lor 
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n 

/ 


2x  ,^x  lx  5x  f.x  Vk  hs 
Iretjucncy  cm- 1 

I'i^ure  4c 


n 


2  101 
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2  021 


Real  Part  of  the  Refracioe  Index  for 
(•radc  M26  Ut»n>n  Nitride 
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l.<)x 
1  Vh 
I  <« 
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I  W 

'  2«  Ifl  4S  SK  hS  ?S  SS 

frequency  cm-l 

Figure  4d 


Calculation  of  the  material's  absorption  coefficient,  a,  as  a  function  of  frequency  was 
perfonned  in  the  following  way.  First  realize  that  the  transmissivity  T  through  a  homogeneous 
ctalon  of  uniform  thickness  is  a  function  of  the  complex  refractive  inde.s,  inicMiess  a'ld  the 
wavelength; 

Tcxpi  =  •I'F  k-  1.  ^)- 

I'or  each  peak  in  the  spectra,  n,  t,  X  and  r,.,,,,.  are  known.  This  leaves  the  a  single  unknow  n, 
k.  to  he  determined  (tx  =  4itkA).  A  value  of  k  at  a  given  peak  is  found  by  increasing  k  from  0 
until  a  modelled  vtdiie  of  the  transmissivity  (Tm,xici)  using  the  appropriate  n,  i  and  X,  matches 

tile  cxperinienlal  value.  Values  of  the  absorption  coefficient  a  are  given  for  the  four  grades  in 
Figure 
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l-ii:urc 


5  a 


l  iiiurc  5b 


I>>r  ( it.iilo  Nt 


>  V  M  ThSX  VJI-.I 


viH-ltUK'iil  Iff  tiradL'  Mwf' 

Njiri.Jc 


l  igiirc  5c  F-igurc  .■'u 

The  imcen;iiiuy  in  a  is  dil  Hcult  to  calculate  because  it  cannot  be  solved  analytically  in  tenns  ot 
n,  k.  and  t.  However,  since  the  major  source  of  error  in  a  is  the  uncenainiy  in  T,.,vpi, 
can  be  estimtited  in  the  following  manner.  The  accuracy  of  the  transmissivity  data  is  <  O-OT 
After  a  valtie  of  k  is  fotind  at  ;i  particular  peak  that  reprtxluces  the  data,  it  is  then  varied  again 
leither  higher  or  Itnverl  until  •T„„„ioi  •  I  vsis:  >  0.02.  This  value  of  k  is  called  k.,„or  and  an 

estimate  in  the  uncertainty  in  k  is  given  byjk  -  k.-m,,!.  The  corresponding  uncertainty  in  u  is 
indicated  by  the  errttr  bars  on  two  data  points  in  each  of  the  plots.  Two  bars  are  given  to 
indicate  any  slow  changes  in  the  tmeertainty  with  frequency. 


RKSl  LTS  AM)  DISCUSSION 

The  birefringence  was  found  to  be  roughly  constant  in  this  fa'quenev  range  for  all  of  the 
grades.  Values  of  An  were  dl.lOX.  -O.ObX,  -0.06.5.  and  -0.152  for  grades  A.  IIP,  M  and  M26 
respectively.  Optical  properties  of  related  ceramics  also  show  a  strong  birefringence. 
Alumintim  O.sidc  has  a  rliomlxthedral  crystal  structure  and  is  therefore  a  unia.sial  material.  .\n 
has  been  measured  by  Ref.  X  to  be  0..56  at  ItX)  cm  '.  Beryllium  Oxide  with  a  hexagonal  crysl.il 
structure  u;is  found  to  have  a  birefringence'*  of  0.144  at  100  cm"'.  One  difference  between 
these  nialeiials  and  Is  that  /i  BN  exhibits  a  negative  birefringence. 
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All  grades  lit  BN  studied  \seie  rniiiid  to  exhibit  tiithroic  behavior  to  some  degree  as  can 
be  seen  in  l  iguie  5.  In  grades  A.  M,  and  Mdb,  the  dichroisni  (Aa  =  a^.  -  a„)  is  seen  to  be 
liei|ueney  dependent  ith  inereasing  values  towards  shorter  wavelengths.  Grade  I  IP  is  the  only 
e.sceplion  w  ith  .\a  barely  larger  than  the  iineertainty  at  the  longest  wavelengths  studied.  In  all 
eases  the  absorption  measured  for  the  electric  field  parallel  to  the  optic  avis  was  found  to  be 
greater  than  the  absorption  for  the  electric  field  perpendicular  to  the  optic  axis  and  so  the 
ilichroism  is  said  to  he  positive. 

l  or  low  loss  applications  in  the  submillimetcr,  grade  A  possesses  the  most  desirable 
properties.  Its  refractive  index  remains  roughly  constant  over  the  frequency  range  studied  and  it 
exhibits  the  Ica^i  absorption  of  the  four  grades  studied  (o  =  1  cm  '  at  frequencies  <  cm  ’  I. 


GONGI.l'SION 


Hexagonal  Boron  .Nitride,  a  wide  bandgap  semiconductor,  has  received  recent  attention 
in  the  millimetcr/submillimclcr  spectral  region  due  to  its  many  desirable  properties.  .Several 
grades  of  /i  BN  were  obtained  from  'I  he  Carborundum  Company  and  their  room  temperature 
optical  |iro|iertics  were  studied  from  IS  cm  '  •  1  IS  cm  '.  The  refractive  index  n  and  absorption 
coefticient  u  were  dctci'inmcd  in  the  submillimeter  The  material  was  found  to  possess  a 
measurable  birefringence,  and  in  some  cases,  exhibited  a  slight  dichroic  behavior.  For  low  loss 
applicatitms  m  the  submillimeter,  gr.ule  A  appears  to  be  the  most  desirable  with  the  lowest 
absoi  |ition  ctx'fl  icicnt  of  the  grades  studied. 
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ABSTRACT 

This  paper  describes  the  thernoelectrlc  properties  of  anorphous  or 
pol  ycrystal 1 Ine  boron  and  boron  phosphide  fllns  prepared  using  chemical 
vapor  deposition  and  nolecular  bean  deposition.  The  temperature  dependencies 
of  electrical  conductivity  of  a-B  and  distorted  BisPz  fllns  obey  the  Mott’s 
cule  of  logo  vs  T"'^*,  while  those  of  polycrystalline  BP  fllns  have  linear 
relationship  between  logo  vs  T"'.  The  a-B  and  BijPa  films  have  high 
elec'-ric  resistivity  and  show  p-type  conductors  while  BP  film  shows  n-type 
conductor.  The  estimated  thermoelectric  figure  of  merit  of  boron  phosphide 
film  .s  compatible  to  that  of  sintered  specimen,  but  there  remains  some 
problems  for  a-B  to  alter. 

1. INTRODUCTION 

Boron-based  semiconductors  are  refractory  semiconductors  and  are  divided 
into  two  categories,  i.e.,  boron  rich  semiconductors  derived  from  four 
crystalline  boron  modifications  and  ffl-V  compound  semiconductors  of  BP  and 
BAs.  One  of  their  common  characteristics  is  high  thermoelectric  power,  which 
is  promising  for  high  temperature  thermoelectric  devices.  The  formation  of 
p-n  junction  is  required  for  thermoelectric  device,  but  there  exist 
some  problems. 

The  undoped  boron  shows  p-type  conductor  and  it  is  very  difficult  to 
prepare  n-type  boron  rich  semiconductors  by  doping  [1,2,3].  As  for  boron 
phosphide,  its  single  crystalline  wafer  has  high  thermoelectric  power[4],but 
the  thermal  conductivity  is  also  high[5,6]  which  reduces  thermoelectric 
figure  of  merit  of  Ixl0““/K[7].  Then  BP  single  crystalline  wafer  is  not 
applicable  to  thermoelectric  device.  The  thermal  conductivity  of  BP  sintered 
polycrystal[8]  is  smaller  than  that  of  single  crystslline  wafer,  which  would 
expect  to  increase  the  figure  of  merit.  However  thermoelectric  power  of  BP 
sinterd  specimen  depends  on  the  purity  of  starting  powder[7].  ke  have 
obtained  high  thermoelectric  power  and  high  figure  of  merit  using  high 
purity  BP  powder  prepared  by  hydroisostatic  pressnig[7].  In  this  case  it  is 
very  difficult  to  obtain  n-type  BP  sintered  specimen. 

Then  we  have  chosen  boron  film  for  p-type  material  and  BP  polycrystalline 
film  for  n-type  material  as  a  first  step  to  integrate  thermoelectric 
device. 

The  present  paper  describes  such  thermoelectric  properties  as  electric 
conductivity  and  thermoelectric  power  of  boron  and  boron  phosphide 
amorphous  or  polycrystalline  films  by  molecular  beam  method  and  by 
chemical  vapor  deposition. 
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2.Experiiental  Procedure 

2.1  The  preparation  of  thin  files 

The  BP  thie  files  were  prepared  on  sapphire  substrate  by  thereal  decoe- 
position  of  a  BiHe'PHs  eixture  in  hydrogen  ataosphere[4] .  BP  file  ttas 
Bade  at  gas  flo«  rates  of  20,  500  and  2500  cc/ein,  for  B2H6(1X  in  H2), 
PHbCOX  in  H2)  and  H2,  respectively,  in  the  teeperature  of  BOOTC,  OOOIC  and 
lOOOt  at  a  deposition  tiee  of  1.5hr.  X-ray  diffraction  pattern  of  the 
file  grown  at  SOOTl  contains  a-B  phase,  while  others  show  BP  single  phase 
with  the  lattice  constant  of  a. =4. 54  A.  The  boron  thin  files  were 
prepared  by  eolecular  beae  evaporation  eethod.  The  scheeatic  diagrae  of 
apparatus(Eiko  Engineering,  EV-10)  is  shown  in  Pig.l. 


Pig.l  Scheeatic  illustration  of  eolecular  beae  deposition  of  boron  and 
boron  pnictide  files. 

The  vacuus  chaeber  was  evacuated  by  titaniue  sublieation  puep  and  an  oil 
diffusion  puep  systees,  and  the  ultieate  pressure  was  1x10"’  Torr.  The 
sapphire  substrate  was  fixed  on  sheet  heater  and  was  heated  up  to  800'C. 
After  the  substrate  was  cleaned  at  800X1  for  Ihr  in  vacuue  of  lxl0"®Torr, 
boron  was  evaporated  by  an  electron  gun  in  the  vacuue  of  IxlO^’-^lxlO"® 
Torr  with  an  incident  frequency  of  1.50x10'‘cb"’  s"'. 

Boron  rod  used  in  the  experieent  was  prepared  by  zone  eelting  process 
using  halogen-luep  ieage  furnace.  The  analysis  of  iepurities  of  boron  rod 
is  shown  in  Table  1. 


Table  1  lepurity  analysis  of  boron  rod  used  in  the  experieent(ppe) 


Na 

mm 

A1 

mm 

WBM 

ma 

H 

Ka 

Cu 

Cd^ 

<0.1 

40 

28 

BEl 

<0.1 

<0.1 

mm 

0.1 

0.2 

EilPl 

These  iepurities  except  for  Pe  were  lost  during  vacuue  evaporation 
process,  which  is  confireed  by  ICP-NS  eethod.  Then  the  obtained  file  is 
high  purity.  RHEED  pattern  of  boron  file  indicates  distorted  crystalline 
pattern  but  that  of  X-ray  diffraction  shows  aeorphous. 

Boron  evaporated  by  an  electron  beae  gun  and  P2  eolecular  flux  by 
cracking  of  PH3(20!(  in  hydrogen)  were  supplied  sieultaneously  on  the 
substrate  as  shown  in  Pig.l,  and  boron  phosphide  file  was  deposited  on  the 


sapphire  substrate  at  800'C.  The  deposition  «as  perforned  with  the  PHs  flow 
rate  of  ~1.0cc/Bin  under  the  vacuun  of  ~5xlO‘’Torr,  which  is  upper  liait 
of  the  operation  of  electron  bean  gun.  The  coaposition  of  files  deterained 
using  an  electron  probe  aicroanalyser  shows  near  the  coaposition.Bi 3P2 
phase[9]  being  consistent  with  X-ray  diffraction  pattern.  However, the  RHEED 
and  X-ray  diffraction  patterns  of  boron  pnictide  fila  indicate  distorted 
crystalline  structure. 

2.2  Measurement  of  thermoelectric  properties 

Ohmic  contacts  of  the  films  were  made  by  evaporated  of  Al,  followed  by 
annealing  in  argon  at  AOCX:  for  Ihr.  Block  diagram  of  the  apparatus  for 
thermoelectric  measurement  is  the  same  as  the  literature[10].  Electrical 
conductivity  of  the  filas  were  measured  by  two  terminal  method  at  tempera¬ 
ture  between  room  temperature  and  600‘C  under  argon  atmosphere. 
Thermoelectric  voltage  between  hot  and  cold  junctions  was  measured  under 
constant  temperature  gradient  of  2-3'C. 

3.  EXPERIMENTAL  RESULT  AND  DISCUSSION 

Electrical  conductivity  of  boron  fila  varies  from  1x10'*  S-ca'  at  room 
temperature  to  0.8  S-cm'*  at  870K.  By  applying  logo  vs  1/T  plot,  we 
obtained  Eg=0.6eV,  which  is  much  smaller  than  other  amorphous  boron  film. 

On  the  other  hand  the  present  boron  fila  is  amorphous,  so  that  the 
electric  condition  is  expected  to  be  due  to  hopping  condition. 

NottCll]  has  derived  the  equation  for  hopping  conduction 
0  =  0.  exp[  -(  T./T)‘^*  ]  (1) 

where  o.  and  T.  are  constants.  The  plots  of  logo  of  a-B  film  as  a 
function  of  T''"^*  is  shown  in  Fig. 2. 

The  observed  values  show  a  good  linear  relation  between  logo  and  T''  *, 
and  values  of  o. =1.0x10*’  S-cm"*  and  T. =1.3x10’  K  are  obtained.  T.  is 
given  as  a  function  of  the  density  of  localized  states  at  Ferai  level 
N(Ef) 

T.  =  16i  ’  /  k  N(Ef)  (2) 


Fig. 2  Dependence  of  conductivity  Fig. 3  Teaperature  dependence  of 

on  T"'^*,  No.4:a-B,  No.SlBuPj.  conductivity  of  BP  filas  by  CVD 

process.  No .  1  lTs=800°C, 

no.2:ts=  900r:  no.3:ts=iooo'c. 
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where  £  is  the  exponential  decay  factor  of  localized  states  ( £  "' ^5A) .Fron  t 
he  value  of  T.  and  Eq.(2),  N(Ep)=l.lxlO*®  cb  ’eV“'  are  obtained,  which 
is  in  good  agreenent  with  the  value  for  anorphous  boron  films 
3.8x10*®  cB'’-eV'*[12]  and  for  amorphous  boron  bulk  ^?10*®cB"’-eV"*  [13].  Also 
T. =6. 1X10’  K  and  N(Ep)=2.4xl0'®ciii'’'eV”*  are  obtained  for  distorted  BiiPj  thin 
filns.  The  evaporation  of  phosphorus  from  the  film  during  growth  process  would 
be  probable  in  the  present  boron  pnictide  film,  which  produces  the  deviation 
from  the  composition  of  Bi3P2.  The  Hall  measurement  of  the  present  boron 
pnictide  film  indicates  as  low  mobility  of  1.8  cm’/s-V  as  a-B  film.  Then  the 
conduction  of  the  present  boron  and  boron  pnictide  films  could  be  explained  by 
hopping  conduction  between  icosahedron  of  boron.  Temperature  dependencies  of 
conductivity  of  boron  phosphide  films  are  shown  in  Fig. 3.  The  conductivity  of 
the  present  BP  films  are  smaller  than  those  of  single  crystalline  BP  wafers 
[4],  but  the  activation  energy  of  conduction  are  almost  same  values  of 
0.18-0.20eV  as  single  crystalline  wafers. 

Temperature  dependences  of  thermoelectric  power  for  boron  and  boron 
phosphide  filns  are  shown  in  Fig. 4.  The  thermoelectric  power  of  boron  and 
boron  pnictide  films  show  p-type  conduction.  They  could  not  be  measured  below 
BOOK  because  they  were  too  small  in  comparison  with  the  electrical  noise  in 
these  temperature  range.  The  maximum  value  of  600mV/K  for  a-B  film  at  650K 
decreases  rapidly  down  to  the  minimum  values  of  270/iV/K  at  BOOK,  which 
indicates  the  formation  of  donors.  The  thermoelectric  powers  reported  for  bulk 
boron[14-16]  show  a  large  peak  at  lower  temperature,  compared  with  those  for 
boron  film,  which  would  be  explained  by  higher  concentrations  of  impurities  or 
defects  in  amorphous  boron  films. 


I  (Kl 


Fig. 4  Temperature  dependences  of  thermoelectric  power  of  boron  and  boron 
phosphide  films,  symbols  correspond  to  those  in  Fig. 2  and  3. 

NakaBura[12]  prepared  amorphous  boron  films  containing  carbon  impurities  by 
pyrolysis  of  decaborane  in  molecular  flow  region  and  also  reported 
rapid  increase  of  thermoelectric  power  from  107mV/K  at  23013  to  a  maximum 
value  of  400#£V/K  at  a  42713  and  gradual  decrease  to  310ftV/K  at  73013. 
The  present  boron  film  is  high  purity  with  high  resistivity  so  that  such 
pronounce  peak  in  thermoelectric  power  would  not  be  observed. 

Boron  phosphide  thin  films  show  n-type  conductor,  which  would  be  caused 
by  excess  phosphorus  in  BP.  The  absolute  thermoelectric  power  increases  in 
increasing  temperature  which  behavior  is  similar  to  that  of  single 
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crystalline  wafer[4,7].  This  is  due  to  the  fact  that  electron  concentration 
ranges  inpurity  region  and  the  Feral  energy  lowers  by  the  electron  supply 
froB  donor  level  in  increasing  teaperature.  This  is  consistent  with  the 

behavior  of  teaperature  dependence  of  electrical  conductivity.  The 
theraoelectric  power  of  BP  filas  grown  at  BOOtl  and  1000^  tend  to  saturate 
in  increasing  teaperature.  The  absolute  theraoelectric  power  of  BP  fila 
grown  at  800‘C  is  lower  than  that  of  grown  at  BOOtl,  which  would  be  caused 
by  the  coapensatlon  of  the  hole  by  boron  phase.  Contrarily,  the  BP  fila 
grown  at  IDOOtl  show  single  phase,  then  hole  would  begin  to  be  theraally 
excited  by  inter  band  transition,  which  transition  teaperature  to  decrease 
theraoelectric  power  would  be  high  because  of  wide  bandgap(2.0eV)  of  BP. 

The  teaperature  dependencies  of  electric  power  factor,  a^a  of  these 
filas  are  shown  in  Fig. 5.  The  efficiency  of  energy  conversion  of  therao¬ 
electric  device  becoaes  high  at  larger  figure  of  aerit  and  at  high 
teaperature.  Figure  of  aerit  for  aaterial  is  defined  of  as 
Z  =  a  *  o  /  /c  (3) 

where  k  is  the  theraal  conductivity. 

Our  previous  results  on  the  theraal  conductivity  of  sinterl  BP[7] 
indicates  alaost  constant  values  of  ~0.05  b/ca-K  at  entire  teaperature  up  to 
BOOK,  which  is  due  to  phonon  scattering  at  grain  boundary.  Vhen  we  use  the 
theraal  conductivity  of  the  present  BP  filas  for  O.OSb/ca-K,  the  figure  of 
aerit  of  BP  fila  grown  at  800‘C  and  900C  is  to  be  ~1.0xl0“VK  at  high 
teaperature,  which  is  coapatible  to  that  of  sintered  BP  speciaen  [7]. 

Contrarily,  the  conductivity  of  a-B[13]  at  rooa  teaperature  spreads  froa 
8x10*’  to  3xlO"’b/ca'K  because  of  uncertainty  of  aaorphous  on  the  atoaic  s-ale 
and  the  aicrostructure  such  as  crack  or  void,  but  it  increases  in  raising 
teaperature.  The  theraal  conductivity  of  aaorphous  boron  is  assuaed  to  be 
IxlO"’  b/ca-K,  theraoelectric  figure  of  aerit  in  the  present  a-B  fila  shows 
the  order  of  lO'^/K  being  one  order  saaller  than  that  of  BP  fila. 
Nakaaura  [12]  found  that  a-B  filas  containing  0.5~1  carbon  at.*  vary  froa 
8xlO'*S-ca'*  at  300K  to  30  S-ca"'  at  lOOOK.  Then  the  present  a-B  fila  would 
increase  the  electrical  conductivity  by  about  two  order  of  aagnitude  without 
the  theraoelectric  figure  of  aerit  about  up  to  10"’/K. 

4. CONCLUSION 

be  have  prepared  p-type  aaorphous  boron  and  distorted  polycrystalline  boron 
pnictide  thin  filas  by  aolecular  beaa  deposition,  and  n-type  polycrystalline 
BP  filas  by  cheaical  vapor  deposition  and  have  aeasured  the  theraoelectric 
properties  of  these  filas.  The  calculated  theraoelectric  figure  of  aerit 
for  BP  fila  is  to  be  lxl0"’/K,  which  is  coapatible  to  that  of  BP  sintered 
speciaen.  The  estiaated  theraoelectric  figure  of  aerit  for  a-B  fila  is  saaller 
than  that  for  BP  by  one  order  aagnitude, but  it  would  expect  to  be  coapatible 
to  BP  file  by  doping  carbon. 
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ABSTRACT 

Boron  carbide  films  have  been  fabricated  from  pentaborane  (B5H5)  and 
methane  using  plasma  enhanced  chemical  vapor  deposition  (PECVD). 
Availability  of  high  quality  specimens  has  facilitated  analysis  of  electronic  and 
optical  properties.  We  have  undertaken  measurements  of  photoluminescence 
spectra  and  infra-red  band-edge  absorption.  Results  show  that  the  bandgap  is 
strongly  influenced  by  the  ratio  of  boron  to  carbon.  There  is  evidence  for  the 
existence  of  shallow  trapping  levels. 

INTRODUCTION 

There  are  many  potential  applications  for  boron  carbide  due  to  its 
hardness  and  temperature  stability.  Many  possible  phases  have  been 
identified  ll.2|.  Initial  efforts  to  fabricate  boron  carbide  employed  inlen.se 
heat  and  pressure,  resulting  in  films  stable  for  9-20%  carbon.  More  recent 
experiments  using  CVD  have  increased  the  range  of  attainable  compo.sitions  to 
over  40%  carbon  (.11.  In  combining  pcntaboranc(9)  with  methane  at  low 
pressures  and  temperatures,  we  have  produced  .some  highly  uniform  films 
which  are  suitable  for  electronic  and  optical  measurements.  Using  PECVD. 
we  and  others  have  shown  that  composition  of  boron  carbide  films  can  be 
controlled  over  a  wide  range  by  adjusting  reactant  partial  pressures  (4.51. 


EXPERIMENTAL 

Deposition  of  the  films  was  performed  in  PECVD  apparatus  described 
previously  Plate  separation  was  approximatelv  one  inch.  Temperature, 
deposition  time,  total  pressure,  and  microwave  power  were  held  constant  as 
the  partial  pressure  ratio  of  the  two  reactants  was  varied  over  the  range  of 
approximately  0.1  to  10.  Growth  temperatures  and  pressures  were 
approximately  400°C  and  50  mTorr  respectively.  Two  types  of  substrates 
were  used;  silicon  and  high  temperature  glass. 
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Measurements  of  eomposition  were  performed  on  all  of  the  stable  films 
by  Auger  eleetron  spectroseopy.  The  system  was  calibrated  using  the  boron 
179  eV  line  and  the  carbon  272  eV  line  of  a  B,C  standard.  Ar*  sputtering  was 
used  to  profile  the  films.  A  set  of  films  with  measured  composition  was  used 
for  a!!  fuillicr  i.xpei ir.'ienls. 

Most  of  the  films  were  about  one  tenth  micron  thick.  Measurements  of 
film  thickness  were  greatly  influenced  by  substrate  warp  and  thickness 
variations.  To  reduce  this  error.  Auger  profiling  was  limited  by  a  mask  to  a  2 
mm  square.  The  depth  of  this  sputtered  square  was  measured  using  a  Sloan 
Dektak  profiler.  Auger  profile  data  was  then  calibrated  to  this  measured 
depth. 


Optical  absorption  spectra  for  several  of  the  film  samples  were  made 
using  a  Cai7  Model  14  Spectraphotometer,  over  the  wavelength  range  of  0.4- 
1.6  um.  The  absorption  band  edge  and  its  shape  were  used  to  determine 
bandgap  [6,71. 

Photolumincscence  measurements  were  performed  using  a  one  meter 
dual  grating  spectrometer.  Room  temperature  spectra  were  done  using  a  200 
mW  514.5  nm  laser.  Measurements  at  12  K  were  done  using  a  15  mW  632.8 
nm  laser.  Film  compositions  for  spectra  shown  were  approximately  2% 
carbon. 


RESULTS 

Optical  absorption  data,  in  the  form  was  plotted  as  a  function 

of  energy.  Here  E  is  energy  in  units  of  eV.  and  o  is  absorption  coeflicient  in 
units  of  1/um  .  Extrapolation  of  this  cui-vc  to  zero  gives  the  optical  gap  |6.7|. 
Figure  1  shows  a  typical  absorption  curve  for  a  film  with  a  boron -.carbon  ratio 
of  approximately  48: 1;  extrapolation  to  zero  shows  that  the  optical  bandgap  is 
1.77  eV.  Using  this  method  for  films  over  our  entire  composition  range 
indicates  that  bandgap  varies  monotonically  over  a  range  of  0.8  eV  to  1.77 
eV,  as  shown  in  Figure  2.  Films  with  the  least  carbon  have  the  highest 
bandgap. 
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Figure  2.  Bamlgap,  (letermineil  V>v  oplieal  absorption  at  room  temperature, 
compared  willi  composition  determined  by  Auger  electron  spectroscopy. 
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Figure  4.  Photoluminescencc  spectrum  taken  at  12  K 
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Photoluminesccnce  measuremenis  of  high  bandgap  films  are  shown  in 
Figures  3  and  4.  From  300  K  lo  12  K,  FWHM  of  the  photolumineseence 
peaks  changes  from  0.39  eV  to  0.14  eV.  The  peak  position  changes  from 
1.73  eV  to  1.76  eV  over  the  same  temperature  range.  We  interpret  the 
photolumineseence  data  at  12K  lo  indicate  that  the  bandgap  is  1.76  eV. 
Additional  sharp  features  occur  at  1.71  eV.  1.70  eV.  1.65  eV,  and  1.64  eV. 


DISCUSSION 

Theories  about  the  .structure  of  boron  carbides  in  the  stable  9-20'fr 
carbon  range  are  based  on  twelve  atom  boron-rich  icosahedra  with  connecting 
chains  of  boron  and  carbon  atoms  |8|.  Most  measured  conductivities  in  this 
composition  range  are  above  1  (ff-cm)-‘  at  300K.  which  is  vei^  high  |91. 
Electronic  transport  involves  the  connecting  chains  of  atoms  or  substitutional 
carbon  in  the  icosahedra  (9|.  It  has  been  suggested  that  carbon  precipitates  in 
substantial  quantity  dominate  DC  electronic  transport  |10|.  Conductivity  vs 
composition  measurements  performed  in  this  work  indicate  that  there  may  be 
a  heterogeneous  population  of  carriers,  but  that  in  all  cases  conductivities 
were  below  10-*  (s>-cm)-'  ( I  1 1.  This  may  be  attributable  to  the  presence  of  a 
tetragonal  phase,  about  which  little  is  known  112). 

Low  temperature  photolumineseence  data  for  boron  rich  boron  carbide 
provides  a  bandgap  of  1.76  eV.  This  is  in  good  agreement  with  the  optical 
absorption  edge  measurement  data  shown  in  Figure  2.  The  low'  temperature 
photolumineseence  spectrum  in  Figure  4  suggests  the  presence  of  additional 
shallow  trapping  levels,  visible  as  sharp  peaks.  The  deep  acceptor  level  lirst 
suggested  in  (13)  was  absent,  weak,  or  noii-radiaiivc. 


CONCLUSION 

We  have  used  PECVD.  a  novel  thin  film  technology,  lo  fabricate  boron 
carbide  films  of  sufficient  quality  lo  undertake  electronic  and  optical 
measurements  of  material  properties.  This  method  uses  PECVD  of  a 
carborane  cluster  combined  with  methane  lo  yield  films  whose  bandgap 
depends  on  composition.  Two  types  of  measurements  used  to  punide 
quantitative  bandgap  data  provide  very  similar  results  lor  one  olThe  films. 
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ABSTRACT 


The  formation  of  submicron  crystals  of  hitritn  carbide  (B4C)  by  rapid  carbolhermal 
reduction  of  intimately  mixed  carbon-boron  oxide  precursor  powders  in  an  aerosol  flow  reactor 
at  temperatures  abiwe  the  bitiling  point  of  boron  oxide  is  investigated.  The  employed  high 
heating  rates  (10^  K/s)  of  the  process  force  release  of  gaseous  boron  oxide  and  suboxides  and 
rupture  of  the  precursor  particles  resulting  in  formation  of  boron  carbide  molecular  clusters  that 
grow  to  macroscopic  panicles  by  coagulation.  Consequently,  the  tbrmalion  and  growth  of 
B4C  particles  is  described  by  simultaneous  interparticle  collision  and  coalescence  using  a  two- 
dimensional  distribution  model  that  traces  the  evolution  of  both  size  and  shape  characteristics  ot 
the  particles  through  their  volume  and  surface  area.  Here,  in  addition  to  the  coagulation  term, 
the  governing  population  balance  equation  includes  a  coalescence  contribution  based  on  B4C 
.sintering  law.  The  predicted  evolution  of  the  two-dimensional  particle  size  distribution  leads  to 
a  direct  characterization  of  morphology  as  well  as  the  average  size  and  polydi.spersity  of  the 
powders.  Furthermore,  mixlel  predictions  of  the  volume  and  surface  area  of  Niron  carbide 
panicles  can  be  directly  compared  with  experimental  data  of  B4C  specific  .surface  area  and  grain 
size. 


INTRODUCTION 


There  is  substantial  interest  in  the  manufacture  of  boron  carbide  { B4C)  due  to  its  high 
hardness  and  various  desirable  chemical  and  electrical  properties  [1  ].  Conventional  methods 
for  manufacturing  boron  carbide  involve  the  reduction  of  boron  oxide  with  carbon  in  a  batch 
electric  arc  furnace  [2].  These  processes  are  characterized  by  slow,  nonuniform  healing, 
chemical  impurities,  and  subsequent  pr(x;es.sing  complic.ttions.  Recently,  Weimer  et  al.  [1] 
described  a  rapid  carbolhermal  reduction  priKess  in  a  flow  reactor  configuration  for 
continuously  manufacturing  submicron  crystals  of  boron  carbide.  A  uniform  solid  mixture  of 
calcined  corn  starch  (carbon  ■'soot")  and  boron  oxide  is  milled  to  particles  of  less  than  45  pm. 
These  particles  are  suspended  in  argon  gas  and  fed  into  a  0. 14  m  I  D.  x  1.68  m  long  graphite 
flow  reactor  which  is  maintained  at  approximately  22(K)  K  [1].  Additional  argon  g.as  is  fed 
around  the  particle  inlet  to  mitigate  deposits  to  reactor  walls.  The  precursor  particles  contain 
ettrbon  and  boron  oxide  in  stoichiometric  amounts  that  convert  to  Nrron  carbide  according  to: 


7C(s)  +  2B203(1.  g)  =  B4C(s)  +  6CO(g)  ( 1) 

As  the  particles  enter  the  reactor  they  are  heated  to  a  temperature  which  is  below  the  hi'iling 
point  of  carbon  but  above  the  boiling  point  of  boron  oxide,  21.5.4  K  [3).  The  reactor 
temperature  is  also  above  the  temperature,  173,3  K.  at  which  liquid  boron  oxide  is  reduced  to 
gaseous  boron  oxide  in  the  presence  of  carbon  [4].  As  a  result,  rapid  heating  ( ItP  K  s  [5]) 
promotes  rapid  volatilization  of  BsOi  and  release  of  CO  from  the  precursor  particles,  forcing 
particle  rupture  in  a  similar  fashion  to  the  breakup  of  coal  particles  in  pulverized  coal 
combustion  [6], 
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Assuming  inst:int:incous  breakup  of  precursor  particles  and  formation  of  boron  carbide 
clusters,  particle  formation  and  growth  can  be  modeled  by  .simultaneous  coagulation  and 
cotilescence.  fiiis  paper  studies  formation  and  growth  of  boron  carbide  particles  by  the  rapid 
carbothermal  reduction  prrrccss  using  a  two-dimensional  size  distribution  model.  The  predicted 
B4C  grain  (crystallite)  sizes  are  compared  with  experimental  data. 


THEORY 


A  two-dimensional  particle  size  distribution  function  is  defined  as  ni(v,a)  where  ni(v,a)dadv 
is  the  number  density  of  particles  having  volume  between  v  and  v  +  dv  and  surface  area  in  the 
range  a  to  a  +  da  ;it  time  t.  For  an  aerosol  that  is  rapidly  formed  by  gas  phase  reaction  at  high 
temperatures,  the  rate  of  change  in  nt(v.a)  is  given  by  the  rate  of  simultaneous  coagulation  and 
coalescence  among  aerosol  particles.  The  two-dimensional  population  balance  equation  can  be 
written  in  a  continuous  form  as  [7,  Xj: 


f)nt(v,a) 

dt 


if  efa  >  (iv,vv-<a.a-a)n,(v,a)n,(v-v,a-a)dadv 

Jo  Jt^‘\ 


1- 


(fvv<a,a)n,(v,a)dadv  + 1 -i|(a  -  (-V-)^'2ao]n,(v.a))  (2) 

dt  da  ° 


where  v„  and  a„  are  the  volume  and  surface  are;i  respectively,  of  a  primary  spherical  particle. 

An  agglomerate  of  volume  v  is  thus  compo.sed  of  v,V„  prtm.iry  p.inkies.  Its  surface  area  lies 
between  that  of  a  perfect  sphere  w  hen  complete  coalescence  has  taken  place,  (v  v,,)-  -'ao-  and 
that  of  an  aggregate  of  primary  particles  just  touching  one  another,  (v.v„)a,v 

The  Urst  right-hand-side  (RHS)  term  of  Eqn.  2  accounts  for  the  gain  of  particles  of  volume 
V  and  surface  area  a  by  coagulation  of  smaller  particles.  The  .step  function  0  is  introduced 
because  a  particle  of  volume  v  produced  by  collision  between  panicles  of  volume  V  and  v  -  v 
cannot  have  upon  contact  surface  area  less  than  the  sum  of  the  surface  area  of  the  two  particles. 
Only  coalescence  can  reduce  the  resulting  particle  surface  area  to  the  theoretical  minimum,  i  e. 
that  of  a  sphere  of  volume  v.  The  second  RHS  term  in  Eqn.  2  acc(>unts  for  the  loss  of  particles 

of  V  ilume  V  and  surface  area  a  by  coagulation  with  all  particulate  entities.  |E  the  coagulation 
-oefftcient,  is  a  function  of  the  particle  volume  and  surface  area  of  the  colliding  particles  In 
this  study.  Fuchs  expression  for  the  Brownian  coagul.ation  coefficient  covering  the  whole  size 
regime  (0,  10]  is  used  with  corrections  taking  into  account  the  variable  cross  sectional  area  [Xj. 

The  third  RHS  term  in  Eqn.  2  is  the  sintering  contribution  related  through  the  continuity 
equation  to  a  linear  approximation  of  the  sintering  law  as  expressed  by  the  surface  area 
rcvluction  rale  [7].  The  characteristic  sintering  time,  T|,  depends  on  the  B4C  sintering 
mechanism.  Boron  carbide  and  other  ciwalenlly-lronded  solids  such  as  SiC  and  SiyNq  sinter 
by  solid-stale  diffusional  proces.ses  [  1 1 1.  For  solid-state  diffusion,  the  characteristic  sintering 
lime  of  two  equal -sized  grains  of  diameter  dj,  is  given  by  1 12): 

T,  « 

D*Qy 

where  D'  is  the  self-diffusion  coeffieient  for  the  mobile  species.  Q  is  the  atomic  v  olume  ol  the 
diffusing  material,  and  y  is  the  surface  energy.  There  is  little  data  on  pressureless  sintering  ot 
boron  carbide  in  the  absence  of  additives  and  to  the  best  of  the  authors'  knowledge,  the  D*  and 
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y  of  B4C  have  not  been  reported  in  the  literature.  Excess  carbon  enhances  self-diffusion  in 
both  SiC  and  B4C.  van  Rijswijk  and  Shanefield  [13]  showed  that  in  a  carbon-rich  atmosphere, 
the  bulk-diffusion  rate  of  silicon  substantially  increases  such  that  carbein  self-diffusion 
becomes  slower  and,  as  a  result,  rate  controlling.  This  results  in  an  lOO-fold  increase  in  the 
overall  self-diffusion  rate  of  SiC.  If  excess  cartv'n  has  the  same  effect  on  bortm  carbide  self¬ 
diffusion,  the  silicon  carbide  self-diftusion  coefficient  in  a  carbon-rich  atmi>spherc  can  be  used 
as  a  first  approximation  in  describing  the  B4C  sintering.  From  Fig.  1  of  [1 3],  an  expression 
for  the  B4C  self-diffusion  coefficient  is  deduced  as; 


D*  =  0.3exp|- 

The  carbon  vacancy  volume  Q  is  calculated  as  3.64  x  10'^  cm^. 

The  surface  energy  of  B4C  also  needs  to  be  estimated  from  related  compounds,  preferably 
covalent  carbides  such  as  SiC  and  TiC.  Livey  and  Murray  [14]  found  that  the  surface  energies 
of  the  carbides  of  Zr,  U,  Ti  and  Ta  show  a  linear  relationship  with  the  heat  of  formation  of 
these  carbides.  They  reported  the  surface  energy  of  TiC  at  1.373  K  as  1190  +  350  dyneem. 
Assuming  that  B4C  and  SiC  also  follow  approximately  the  same  relationship,  then  their  surface 
energies  can  be  estimated  from  their  heal  of  formation  and  the  surface  energy  and  heal  of 
formation  of  the  refractory  monocarbidcs.  Dean  [15]  gives  the  heal  of  formation  values  for 
B4C,  Sic  and  TiC  as  -17,  -17.5,  -44.0  kcal/mole,  respectively.  According  to  the  above 
reasoning,  B4C  and  SiC  should  have  about  the  same  surface  energy:  -  1000  dyne/cm.  Using 

the.se  e.stimated  values  of  D*  and  y.  a  quantitative  expression  of  the  characteristic  sintering  time 
for  B4C  is  obtained: 


Tf  =  97Tdg3  expf- 

where  a  constant  5/HO  is  used  to  equate  Eqn.  3  [12].  The  average  grain  size  within  an 
agglomerate  ttf  volume  v  and  surface  area  a  can  be  obtained  from; 


dg  =  ^  (6) 

Equation  2  is  a  two-dimensional  partial  integro-differcniial  equation  that  needs  to  be  solved 
numerically.  A  one-dimensional  sectional  method  [16,  17]  is  extended  to  include  the  surface 
area  dimension  [H].  This  re,sults  in  a  .set  of  ordinary  differential  equations  (DDEs)  that  arc 
solved  using  an  efficient  ODEs  solver,  subrtiuline  IVPAG  [18]. 


RESULTS  AND  DISCUSSION 


Tables  I  and  II  of  Weimer  et  al.  [1]  list  the  experimental  runs  made  at  reactor  temperatures 
above  the  boiling  point  of  boron  oxide  (-2133  K).  From  the  me.asured  specific  surface  area  an 
experimentally  determined  average  grain  size  of  the  product  B4C  powders  can  be  obtained; 


where  the  particle  density  Pp  is  2.52  g/cm-3  for  B4C  and  A  is  the  mca.sured  specific  surface 
area. 


(7) 
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Since  the  powder  feeding  rate  was  kept  constant,  the  average  size  and  morphology  of 
product  B4C  powders  are  affected  by  the  argon  feeding  rate  and  reactor  temperature.  A  higher 
argon  flow  rate  means  a  shorter  reactor  residence  time  period,  resulting  in  smaller  average 

product  particle  sizes.  While  increasing  temperature  enhances  the  coagulation  rate  (p  o  T'^),  it 
decreases  the  residence  time  more  profoundly  (t  oT  ').  Consequently,  for  a  given  argon  flow 
rate,  the  agglomerate  particle  size  decreases  with  increasing  temperature.  With  respect  to 
particle  morphology,  increasing  both  the  reactor  re.sidence  time  and  temperature  promotes 
coalescence  and  subsequently  increases  the  grain/cry.stallitc  size  of  the  flnal  prtxiuct. 

Figure  1  shows  two  snapshots  of  the  number  density  of  B4C  agglomerates  in  the  two- 
dimensional  space  of  panicle  volume  and  surface  area  at  2173  K  and  residence  times  0.2  s  and 
1.12  s  (product),  respectively.  The  number  of  agglomerate  B4C  particles  is  reduced  by 
coagulation  and  consequently  the  average  agglomerate  size  increases  as  the  residence  time 
increases  from  0.2  to  1.12  s.  It  is  worth  noting  that  coagulation  greatly  depletes  the  small 
particles  but  does  very  little  in  increasing  the  size  of  the  large  ones  over  this  time  period.  The 
two-dimensional  distribution  is  bound  by  the  two  heavy  solid  lines.  The  diagonal  line 
corresponds  to  aggregates  consi.sting  of  B4C  primary  particles  just  touching  one  another  upon 
aillision  without  sintering  (the  collision  line).  The  line  on  the  left  corresponds  to  fully 
coale.sced  B4C  particles  (the  coalescence  line).  Therefore,  the  grain  size  of  B4C  agglomerates 
increases  from  the  collision  to  the  coalescence  line  as  the  initially  aggregated  clusters  are 
progressively  densifled  by  sintering  of  the  primary  particles  in  the  cluster. 


21 73K .  0. 2s  21 73K ,  1.1s 


Figure  I.  Number  den.sity  of  B4C  agglomerates  at  2173  K  and  residence  times  0.2  s  and 
1.12  s,  respectively,  in  the  two-dimensional  space  of  particle  volume  and  surface  area. 


Temperature  has  a  much  .stronger  effed  on  the  particle  coalescence  rate  than  on  the  particle 
collision  rate  as  indicated  by  the  exponential  temperature  dependence  of  the  characteristic 
sintering  time  of  B4C  (Eqn.  5).  The  two-dimen.sional  particle  size  distribution  shifts  towards 
the  coalescence  line  as  temperature  increases  indicating  more  progres.sed  particle  sintering  at 
high  temperatures.  For  agglomerates  of  the  same  volume,  there  are  relatively  more  particles 
having  low  surface  area  (large  grains,  Eqn.  6)  at  high  temperatures.  If  favorable  sintering 
conditions  are  sustained,  the  agglomerates  eventually  approach  a  spherical  geometry  and  their 
surface  area  becomes  proportional  to  (coalescence  line).  Indeed,  the  simulations  show  that 
the  average  B4C  grain  size  is  dg  =  0.06  pm  at  2173  K  and  1, 12  s  while  at  2373  K,  and  0.71  s 
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dg  =  0.09  ^m.  In  contrast,  the  corresfKtnding  mean  solid  sphere  diameter  of  the  agglomerate 
particles  is  0.44  pm  at  2173  K  and  0.37  pm  at  2373  K  at  the  above  residence  times.  This 
model  prediction  is  in  qualitative  agreement  with  micrographs  of  B4C  powders  made  at  the 
above  temperatures  [IJ. 

Figure  2  compares  model  predictions  of  the  B4C  average  grain  size  as  a  function  of 
temperature  with  experimental  data  [  1  ].  Clearly,  the  equivalent  solid  .sphere  diameter  of  the 
agglomerate  panicles  is  much  larger  than  the  grain  size.  The  two-dimeasional  mtxlel  (triangles) 
predicts  correctly  the  grain  growth  trend.  Quantitative  agreement  with  experimental  data  is 
excellent,  in  view  of  the  estimated  B4C  sintering  rates  (difftisivity  and  surface  energy).  When 
the  sintering  rate  is  increased  by  a  factor  of  10,  model  predictions  (squares)  match  the 
experimental  data  (stars).  Thus,  the  pre.seni  two-dimensional  particle  size  di.stribution  mixlcl 
can  be  used  to  infer  effective  sintering  rates  from  experimental  measurements.  This  is 
particularly  valuable  for  ceramic  materials  whirse  sintering  rate  expressions  are  often 
unavailable. 


•iifitrietr  Experimental  Data 
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Figure  2.  Comparison  of  model  predicted  average  grain  size  of  the  B4C  powders  with 

experimental  data. 


CONCLUSIONS 


The  formation  of  submicron  crystals  of  boron  carbide  by  the  rapid  cartxithermal  reduction 
of  solid  precursors  in  an  aerosol  flow  reactor  is  investigated.  At  temperatures  above  the  boiling 
point  of  txiron  oxide  (2 1 33  K)  and  high  heating  rates  ( 1(1-*’  K/s),  B4C  molecular  clusters  are 
formed  instantaneously  and  they  grow  to  macroscopic  particles  by  coagulation  and 
coalescence.  This  formation  and  growth  priKess  is  modeled  by  a  two-dimensional  aerosol 
distribution  model  that  traces  the  evolution  of  both  size  and  shape  characteristics  of  particles 
through  their  volume  and  surface  area.  Model  predictions  for  the  average  volume  and 
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grain/crystallite  size  of  the  product  B4C  powders  are  in  excellent  agreement  with  experimental 
micrographs  and  specific  surface  area  data.  The  effect  of  temperature  and  residence  time  on 
particle  size  and  morphology  is  aLso  adequately  represented  by  the  model.  In  fact,  it  is  the  first 
time  that  a  mixlel  of  both  sound  theoretical  background  and  numerical  feasibility  has  been 
developed  and  used  to  predict  the  grain/cryslallite  size  growth  during  gas  phase  particulate 
manufacture. 
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ABSTRACT 

A  review  is  given  on  recent  progress  in  amorphous  and  microcrystalline  silicon- 
carbide  (a-SiC,  pc-SiC)  semiconductors  and  their  technological  applications  to  optoe¬ 
lectronic  functional  devices.  Firstly,  some  significant  properties  in  this  alloy  as  a  new 
synthetic  material  are  pointed  out  with  recent  advances  of  thin  film  technologies,  such  as 
plasma  CVD,  ECR-CVD  and  ion-beam  CVD  etc.  There  exists  an  energy  gap  controlla¬ 
bility  from  1 .7eV  to  3.6  eV  with  retaining  the  valency  electron  control  from  n-type  through 
i-  to  p-type  semiconductors.  While  its  conductivity  can  also  be  controlled  more  than  ten 
order  of  magnitudes,  e  g.,  from  fCto  fO^Scm  ’  by  controlling  the  impurity  doping  and 
preparation  conditions. 

Secondly,  a  series  of  technical  data  on  the  electronic  and  optoelectronic  properties 
of  a-Si,  ,C,and  pc-SiC  are  demonstrated  from  recent  achievements.  In  the  final  part  of 
the  paper,  current  state  of  the  art  in  the  field  of  optoelectronic  applications  from  live 
technologies  on  amorphous  silicon  solar  cells,  a-SiC  visible  light  LED  and  EL  devices 
are  reviewed.  A  technological  evolution  from  "microelectronics'  to  "macroelectron~ 
Icsf  will  be  dicc'jsscd 

INTRODUCTION 

Since  the  recent  success  of  valency  electron  control  in  the  glow  discharge-pro¬ 
duced  amorphous  silicon  carbon  alloy  (a-SiC:H)  in  1981  (1),  a  new  age  in  amorphous 
silicon  alloys  has  opened  up,  and  a  group  of  new  materials  such  as  amorphous  silicon- 
germanium  (a-SiGe:H),  amorphous  silicon-nitride  (a-SiN:H)  and  amorphous  silicon-tin 
(a-SiSn:H)  have  been  successively  developed  in  the  past  few  years  The  significance  of 
this  material  innovation  is  that  one  can  control  electrical,  optical  and  also  opto-electronic 
properties  by  controlling  atomic  compositions  in  the  mixed  alloys.  Therefore,  a  wide 
variety  of  application  fields  has  also  been  developed  with  these  new  electronic  materi¬ 
als  In  fact,  a-SiC.H/a-Si:H  heterojunction  solar  cells  (2],  a-Si;H/a-SiGe.H  stacked  solar 
cells  [3],  superlaltice  devices  [4],  a-Si.H/a-SiN  H  thin  film  transistors  [5],  photo  receptors 
[6],  X-ray  sensor  |7],  color  sensors  [8],  etc.  have  been  developed,  and  some  of  them  are 
already  being  marketed. 

In  the  recent  few  years.an  intensive  effort  has  been  made  to  realize  a-SiC  .H  TFLED 
(Thin  Film  Light  Emitting  Diode)  and  TFEL  (Thin  Film  Electroluminescence)  devices, 
which  would  have  a  number  of  attractive  advantages  such  as  low  power  dissipation, 
capability  of  large-area  multi-color  emission,  and  completely  solid  state  flat  panel  modu¬ 
lar  display.  As  a  result,  a  visible  light  injection  type  EL  device  has  been  developed  with 
the  cell  structure  of  a-SiC.H  p-i  n  junction,  and  the  emission  colors  of  red,  orange,  yellow 
and  green  are  obtained  by  controlling  the  carbon  content  in  a-SiC:H  [9],  [10].  Recently, 
Toyama  et  al  have  succeeded  in  obtaining  blue  color  emission  with  a  thin-film  intrinsic 
EL  structure  of  TCO/Y^O^/a-CTf  (amorphous  carbon)/a-Si^N,  ^iH/YjOj/AI  with  luminance 
intensity  of  more  than  30  cd/m'  at  ISOV^^^.  10kHz  (11).  In  this  paper,  recent  advances  in 
the  a- SiC  and  pc-SiC  film  technologies  are  reviewed  from  material  preparation  technolo¬ 
gies  to  their  applications  to  optoelectronic  functional  devices. 
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TOPICS  OF  THE  MATERIAL  PREPARATION  TECHNOLOGY 

As  the  preparation  technology  for  a-SiC  alloy,  the  plasma  CVD  is  now  widely  util¬ 
ized  everywhere.  While  ECR  CVD  and  Ion-beam  CVD  (IB-CVD)  are  intensively  investi¬ 
gated  in  a  recent  few  years. 

Figure  1  (a)  shows  a  schematic  illustration  of  the  ECR  CVD  apparatus.  Microwave 
power  at  2.45  GHz  is  introduced  into  the  ECR  plasma  excitation  chamber  through  a 
rectangular  wave  guide  through  a  window  made  of  fused  quarts  plate.  The  ECR  excita¬ 
tion  chamber  forms  a  cylindrical  resonator  of  TE1,3  mode  of  the  introduced  microwave. 
In  the  system,  the  magnetic  flux  required  for  satisfying  the  electron  cyclotron  resonance 
condition  is  about  875  Gauss  at  the  center  of  the  magnetic  coil.  The  generated  ECR 
plasma  is  extracted  from  the  ECR  excitation  chamber  into  the  deposition  chamber  along 
with  the  gradient  of  dispersed  magnetic  field  as  shown  in  Fig.  1(b).  The  extracted  ECR 
plasma  interacts  with  the  reaction  gas  introduced  into  the  deposition  chamber  and  de¬ 
composes  them  ,that  is,  produces  active  species  lor  film  growth. 

The  unique  advantage  of  the  ECR  CVD  is  that  the  growing  surface  receives  almost 
no  bombardment  damages  by  electrons  and/or  other  heavy  species  soft  landing  having 
an  energy  of  several  tens  of  eV  [12J .  This  effect  might  result  not  only  in  prevention  of 
weak  bonds  from  being  introduced  into  the  network  but  also  suppression  of  the  diffusion 
of  long-lifetime  radical  species  due  to  the  raised  surface  temperature.  It  is  expected  that 
films  with  dense  network  and  low  defect  density  are  formed. 

For  the  deposition  of  a-SiC  and  pc-SiC.  hydrogen  is  used  as  an  ECR  plasma  exci¬ 
tation  gas,  and  a  mixture  of  SiH„,  CH^  and  B^H^or  PH,  are  usually  employed  as  a  reac- 
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rig.  1  A  Sfhcni.ilic  diagram  of  ECR  (Electron  Cyclotron 
Resonance)  plasma  CVD  system  (a)  and  the  profile  of  the 
magnetic  field  for  the  extraction  of  the  plasma  from  the 
excitation  chaiiilicr  into  the  deposition  chamber  (b). 
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tion  gas  for  the  growth  of  p-  and  n-type  SiC:H.  Details  of  the  preparation  conditions  are 
summarized  in  Table  1.  Since  the  operation  pressure  is  in  the  range  of  10  ^  and  10  * 
Torr,  the  lifetime  of  chemically  active  hydrogen  radicals  is  quite  long,  so  that  a  large 
amount  of  hydrogen  radicals  will  reach  the  growing  surface  and  play  an  important  role  in 
determining  the  properties  of  growing  films.  Therefore,  the  dependence  of  the  material 
properties  on  the  hydrogen  dilution  ratio  in  the  reaction  gas  has  been  investigated. 
Figure  2  shows  the  dependence  of  the  optical  energy  gap  and  dark  conductivity  of  the 
samples  on  the  H, dilution  ratio.  As  the  ratio  increases,  the  optical  gap  (EJ  and  also  the 
dark-conductivity  (oj  of  both  p-  and  n-type  films  increase. 


Table  I.  Preparation  conditions  of  p-type  amorphous  and 
microcryslal  .SiC  in  F.CR  plasma  CVD. 


S  ub  s  t  r  a  t  p  Tompp  r  attire 

R.T.  -  tiOO'C 

Mlcfowavp  Powpr 

150  -  400  W 

-3  .^-4 

Total  (Jaa  I'rp??snrc 

10  -10  Torr 

riafima  excitation  Oas  (flow  rate) 

(10  -  100  seem) 

Reaction  (tns  (Flow  rate) 

SIH.  (10  -  50  seem) 

CH,  (10  '•  50  seem) 

B^ll.  (40  -  100  seem) 

Z  0 

Microwave  Fref^iency 

2.r,5  GHz 

Magnetic  Flux  Density 

875  gauss 

Fig,  2  Dependence  of  the  optical  energy  gap  and  dark 
conductivities  of  p-  and  n-iypc  pc-SiC;ll  on  the  hydrogen 
dilution  ratio  in  the  reaction  gas  in  F.CR  CVD. 
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As  can  be  seen  from  Fig. 2,  there  are  two  main  factors  which  determine  the  optical 
energy  gap;  one  is  the  composition  ratio  of  Si:C:H  corresponding  to  the  source  gas  ratio 
CHySiH,,  and  the  other  is  the  grade  of  H,  dilution  which  might  be  related  to  the  details  of 
the  network  structure.  The  film  properties  are  strongly  dependent  not  only  on  the  sub¬ 
strate  temperature  and  microwave  power  but  also  on  the  ratio  of  hydrogen  to  reaction 
gases  (H/(CH,-rSiH,)  during  deposition.  Although  the  optical  energy  gap  increases  with 
the  flow  rate  of  CH,,  the  effect  is  not  as  remarkable  as  the  dependence  of  hydrogen 
dilution.  Hydrogen  dilution  has  the  effect  of  reducing  the  hydrogen  content  in  the  film, 
and  also  of  enhancing  the  degree  of  microcrystallinity. 

The  formation  of  Si  and  SiC  microcrystallites  is  confirmed  by  Raman  spectra  as 
mentioned  in  the  original  work  ( 1 2).  The  Raman  spectrum  of  the  films  prepared  at  micro- 
wave  powers  higher  than  250  Watts  exhibits  distinct  structures  at  around  520  and  740 
cm which  correspond  to  TO  phonon  modes  of  crystalline  Si  and  SiC  clusters. 

The  conductivity  of  pc-SiCrH  can  also  be  controlled  by  adjusting  the  flow  ratio  of 
dopant  gas  to  host  reaction  gas.  Figure  3  shows  the  dependence  of  the  optical  energy 
gap  and  dark  conductivity  of  pc-SiC:H  prepared  by  ECR  CVD  on  the  flow  ratio  of  B^H,  p- 
type  doping  gas.  Here,  the  hyd’-ogen  dilution  ratio  is  kept  constant  at  74.  The  data  for  p 
a-SiC:H  prepared  by  RF  plasma  CVD  are  also  shown  for  comparison.  The  carbon 
content  x  in  both  the  cases  is  about  0.3.  It  is  clear  that  the  total  doping  elliciency  in  p  pc- 
SiC:H  is  higher  than  that  in  p  a-SiC  H  by  several  orders  of  magnitude. 

Figure  4  summarizes  the  relation  between  the  dark  conductivity  and  the  optical 
energy  gap  of  p-  and  n-type  a-SiC:H  prepared  by  conventional  RF  plasma  CVD  and  p- 
and  n-type  pc-SiC:H  prepared  by  ECR  plasma  CVD.  As  the  optical  energy  gap  in- 
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Fig.  3  Dependence  of  dnrk  comluctivily, 
iiclivaiion  energy  and  optical  energy  gap 
on  the  dopant  gas  ratio  in  the  reaction 
gases  forp-type  pc-.SiC:ll. 


Fig.  4  Relationship  between  dark- 
conductivity  and  optical  energy  gap  of 
amorphous  and  microcrysialline  SiC:H 
prepared  by  RF  and  ECR  plasma  CVD. 


655 


creases,  the  dark  conductivity  of  the  films  prepared  by  the  RF  plasma  CVD  rapidly  de¬ 
creases,  while  that  of  the  films  prepared  by  the  ECR  plasma  CVD  remains  higher  than 
10-’  Scnv  even  when  the  optical  energy  gap  exceeds  2  5  eV.  In  the  figure,  the  star 
marked  tiighly  H,  diluted  p-type  pc-SiC;H  film  has  more  than  3x10”  cm’  hole  concentra¬ 
tions  witli  24  cmVVs  mobility  which  are  identified  by  Hall  measurements  [12], 

Another  topics  in  the  material  preparation  technology  field  is  the  IBD  (Ion  Beam 
Deposition)  method  [13].  A  high  stability  film  against  the  light  induced  degradation  with 
high  deposition  rate  is  still  important  key  issue  in  the  field.  To  conquer  these  problems, 
tremendous  R&D  efforts  have  been  in  progress  by  the  wide  varieties  of  approaches, 
e  g.:  the  Chemical  Annealing  Treatment  (CAT)  [14),  Intense  Xenon  Light  Pulse  Assisted 
Plasma  CVD  [15],  IBD  and  so  on.  Among  these,  IBD  method  is  a  unique  challenge  in 
views  of  a  wide  range  controllability  on  both  hydrogen  content  and  decomposed  species 
ion  energy. 

Figure  5  shows  a  schematic  illustration  of  the  IBD  system.  A  typical  a-Si  film 
growth  condition  in  this  system  is;  the  ion  acceleralion  voltage  V^.,,=  100-300V,  ionic 
current  I.,  witti  voltage  V,  are  0.8A  at  400V.  and  substrate  temperature  T,=100-300'’C, 
while  chamber  base  pressure  is  1 0 ‘  Torr  or  less. 

As  the  preliminary  experiment,  a  systematic  investigations  on  the  undoped  a-Si 
film  deposition  has  been  made  by  a  series  of  deposition  parameters.  The  result  shows 
a  considerably  good  film  quality  having  10''-t0®  photo-  to  dark-conductivity  ratio 
with  optical  energy  gaps  of  1.7-1. 8  eV.  A  noticeable  feature  of  IBD  produced  film  is  a 
better  stability  against  light  exposure.  Figure  6  shows  a  comparison  of  changes  in  the 
photoconductivity  with  AM1  light  illumination  for  IBD  produced  film  and  conventional 
plasma  CVD  produced  film  [13].  As  a  summary  of  Ihis  section.  Fig. 7  shows  plots  of 
recent  results  of  dark  o,,  and  photoconductivity  o„.  of  a-Si  alloys  with  their  optical  energy 
gap. 


Fig.  A  schcinalit  irprcsenlaiiun  of  IBD  (Ion  Be.iin 
Deposition)  system. 
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APPLICATION  TO  a-Si  SOLAR  CELL  TECHNOLOGY 

An  improvement  in  cell  efficiency  is  of  prime  importance,  which  is  directly  con¬ 
nected  to  cost-reduction  in  photovoltaic  systems.  A  wide  variety  of  R  &  D  efforts  have 
been  in  progress  from  the  field  of  material  preparation  technology  to  device  structure, 
and  also  to  PV  system  engineering  Among  these,  a  remarkable  advances  has  been 
seen  in  the  technology  of  the  wide  gap  windows  heterojunction,  graded  band  profiling,  d 
doping,  superlattice,  BSF  treatment  and  also  the  stacked  junctions  with  new  materials 
such  as  a-SiC,  pc-SiC  alloys  [  1,2,3).  As  the  results,  amorphous  silicon  solar  cell  effi¬ 
ciency  is  being  improved  day  by  day.  Present  day.  a  utilization  ui  a-SiC  as  the  wide  gap 
window  has  become  the  routine  technology  for  high  efficiency  solar  cells.  According  to 
a  recent  histogram  of  several  thousands  modules  mass-production  data  (16),  the  In-line 
efficiency  has  reached  to  9%.  and  several  institutes  reported  more  than  t0%  efficiency 
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for  the  1 0Ocmr  or  more  area  as  the  top  data  in  recent  few  years.  While,  the  laboratory 
phase  efficiencies  are  more  than  12%  with  a-SiC/a-Si  heterojunction. 

As  it  has  been  reported  elsewhere  (1 7]  that  the  amount  of  percentage  light  induced 
degradation  increase  with  increasing  i-layer  thickness.  The  reason  is  that  the  volume 
recombination  of  the  photo-generated  carriers  become  relatively  large  with  decreasing 
the  lowest  electric  field  in  the  i-layer.  For  the  purpose  of  suppressing  this  effect,  the 
tandem  type  solar  cell  has  been  recommended  as  a  more  reliable  a-Si  solar  cell.  Figure 
8  shows  light  induced  change  in  the  conversion  efficiencies  of  a-Si  single,  a-Si/a-Si 
tandem  and  a-SiC/a-Si/a-SiGe  triple  tandem  solar  cells  [18], 
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Fig.  8  I.ighi-imUiced  change  in  conventional  efficiencies  of 
single,  tandem,  and  triple  a-Si  solar  cells  which  is 
normalized  to  initial  values,  (inverted  triangles:  a-Si  single 
cell,  triangles:  a-Si/a-Si  tandem  cell,  squares:  a-Si/a-Si/a- 
SiGe  triple  cell). 


Recently,  a  concept  of  the  band  profiling  design  has  been  initiated  as  an  optimum 
design  of  the  ambipolar  carrier  transport  in  i-layer  of  the  multi-band  gap  junction.  As  an 
example  of  result,  band  profile  of  the  a-SiC/a-Si/a-SiGe  triple  band  gap  tandem  solar  cell 
is  illustrated  in  Fig. 9  with  its  photovoltaic  performance  [ISJ.  At  the  present  stage  of 
investigation  on  a-Si/poly  Si  tandem  junctions,  a  conversion  efficiency  of  15.04%  with 
V^,.=1 .478V,  J„=16.17mA/cm’  and  FF=63%  has  been  obtained  on  a  two-teminal  cell  of 
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sensitive  area  5x6mm2  under  AMI  illumination.  Quite  recently,  by  the  same  combina¬ 
tion  on  ( jur-terminal  cell  19.1%  efficiency  has  been  obtained  by  Ma  Wen  et  al.  as  shown 
in  Fig  10  [19]. 
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Fig  10  Output  characteristics  of  a-Si//poly-Si  four- 
tcnniual  tandem  solar  cell;  top  a-Si  transparent  solar  cell 
and  bottom  nc-Si(7poly-.Si  heterojiinction  solar  cell 
(filtered  hy  top  cell). 

PROGRESS  IN  TFLED'S  PERFORMANCE 

Full  use  of  the  significances  of  the  wide  area  produceability  with  a  wide  band  gap 
controllability  and  also  the  valency  electron  controllability  in  a-SiC  alloys,  thin  film  visible 
color  light  emitting  diode  (TFLED)  has  been  developed  in  the  recent  few  years  [10] 
Figure  1 1  shows  a  typical  junction  structure  of  the  TFLED. 

An  injection  type  electroluminescence  occurs  under  the  forward  biased  condition, 
as  it  does  in  crystalline  LED's.  The  thicknesses  of  p-type  and  n-type  a-SiC:FI  carrier 
injector  layers  are  usually  set  at  150A  and  300A,  respectively.  Due  to  the  limitation  of 
the  valency  electron  controllability  of  high  band  gap  a-SiC:FI,  the  optical  band  gap  of  the 
p  and  n  injection  layers  has  to  be  kept  as  low  as  2  eV,  while  for  a  visible  emission  the 
optical  band  gap  of  the  i-layer  should  be  larger  than  about  2  5eV.  This  implies  the 
existence  of  notch  barriers  at  the  p/i  (AE,)  and  i/n  (AE^)  interfaces.  These  band  disconti- 


Fig.  1 1  Sc'hem.itic  illustnilion  of  p  a-SiC.ll/i  a-SiC:II/n  a- 
SiC’df  ihin  film  LFD  fonncd  on  glass/ITO/SnO?  substrate. 


nuities  have  been  estimated  from  the  results  of  internal  photoemission  measurement 
(20).  For  instance,  for  of  i  layer  =  2  58eV  and  E„  of  p-,  n-  layer  =  2,00eV,  the  conduc¬ 
tion  hand  discontinuity  of  AE^  at  the  i/n  interface  and  the  valence  band  discontinuity  AE. 
at  the  p/i  interface  are  0.19  eV  and  0.48  eV,  respectively. 

Figure  12  shows  logarithmic  plots  of  the  J-V  characteristics  measured  at  room 
temperature  tor  various  optical  gaps  of  i-layers  (2.58,  2  68,  2.97  and  3.25  eV  ).  In  these 
samples,  the  thickness  of  the  i-layer  was  set  at  500A.  As  can  be  seen  in  the  data,  even 
though  a-SiC:H  is  employed  as  the  i-layer,  the  rectification  ratio  of  more  than  10’  is 
obtained  at  8  V  for  the  sample  with  E„  =  2.58  eV.  However,  it  should  be  noted  that  when 
the  optical  gap  -  in  other  words,  the  carbon  content  -  of  the  i-layer  increases,  the  thresh¬ 
old  voltage  which  is  here  defined  as  the  voltage  required  to  give  a  current  of  10'  A/cm’ 
increases  markedly  This  may  be  partly  due  to  the  increase  of  series  resistance  in  the  i- 
layer  itself  and  to  the  increase  of  the  barrier  height  at  both  p/i  and  i/n  interfaces 

An  attempt  has  been  made  to  improve  the  carrier  injection  efficiency  by  two  ap¬ 
proaches.  One  is  to  utilize  wide-gap  with  highly-conductive  p  type  pc  (microcrystalline)- 
SiC:H  as  an  injector;  this  was  produced  by  Electron  Cyclotron  Resonance  (ECR) 
plasma  CVD.  The  result  shows  that  as  the  optical  energy  gap  of  p-layer  increases,  the 
EL  spectrum  shifts  towards  a  shorter  wavelength  and  the  emitting  color  changes  drasti¬ 
cally  from  red  to  orange  and  then  to  yellow.  The  highest  luminance  of  a  yellow-emission 
LED  achieved  so  far  on  this  device  structure  was  about  10  cd/m^,  with  an  injection  cur¬ 
rent  density  of  lOOmA/cm’  and  bias  voltage  of  10V. 

Another  approach  to  the  improvement  of  LED  performance  is  a  use  of  hot  carrier 
tunneling  injection  (HIT)  through  an  insulating  (wide  band  gap)  layer  at  either  the  p/i  or  i/ 
n  interface,  or  at  both  the  interlaces  [20,  21],  Forthe  a-SiC  material,  a  wide  band  gap  a- 
SiC:H  (E,  =  3.5eV)  and  a  near-stoichiometric  a-SiN:H  (E,  =  5eV)  can  be  utilized  profita- 
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bly  as  the  insulating  layer.  The  silicon  nitride  layer  was  formed  by  the  conventional 
plasma  CVD  with  the  use  of  a  1:9  SiH4-NH^  gas  mixture.  When  an  electric  field  is 
applied  to  LED  provided  with  such  insulation  layers,  the  electric  field  will  be  mainly  ap¬ 
plied  across  the  thin  insulating  layers.  This  high  electric  field  accelerates  carriers,  then, 
increases  the  concentration  of  carriers  injected  into  the  conduction  or  valence  band  of 
the  i-layer;  we  thereby  call  the  insulating  layers  hot-carrier  tunneling  injector  (HTI)  lay¬ 
ers.  Moreover,  a  decrease  in  the  electric  field  in  the  i-layer  due  to  the  presence  of  HTI 
layers  would  result  in  the  reduction  of  field-quenching  effects  of  radiative  recombination, 
and  eventually  a  significant  improvement  of  the  LED  performance  could  be  expected 
with  the  utilization  of  HTI  layers. 

Figure  13  demonstrates  the  luminance  in  LEDs  with  the  HTI  structure.  The  pa¬ 
rameter  in  the  figure  -  for  example,  100/300/100  -  shows  that  the  thickness  of  the  a- 
SiC:H  HTI  layer  at  the  p/i  interface  is  100  A,  that  of  the  luminescent  i-layer,  300A,  and 
that  of  the  HTI  layer  at  the  i/n  interface,  lOOA.  As  can  be  seen  in  the  figure,  the  lumi¬ 
nance  of  the  LEDs  based  on  the  HTI  structure  is  higher  than  that  of  a  conventional  type 
by  more  than  one  order  of  magnitude.  With  this  novel  structure,  the  luminance  was 
improved  to  about  20cd/cm’  with  injection  current  density  of  about  600  mA/cm’  for  a 
yellow-emission  LED.  An  essentially  similar  result  has  been  obtained  with  the  use  of 
HTI  layers  based  upon  near-stoichiometric  a-SiN:H,  although  the  optimum  thickness  is 
about  half  of  that  in  the  case  of  a-SiC  HTI  layer,  presumably  due  to  the  wider  band  gap. 
By  combing  a  new  preparation  technology  such  as  ECR  microcrystalline  SiC,  with  new 
device  structures  -  e  g.,  superlattice  i-layer  and  stacked  p-i-n/p-i-n  etc. [21,  22]  we  hope 
that  the  final  goal  of  the  luminance  for  practical  use  of  more  than  50  cd/m2  can  be 
achieved  in  the  near  future. 
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I  a-C:H  TFEL  DEVICE 

;  Another  interesting  device  developed  by  a-SiC  alloys  is  an  ac  driven  Thin  Film 

Electroluminescent  (TFEL)  cell.  The  device  is  constructed  with  multilayers  of  glass/ITO/ 
SnO,A',0,  (3000A)/a-SiC;H  ora-C:H  (2.8-3.0eV,  1000A)/a-SiN:H  (500A)/Yp3  (3000A)/ 
Al.  Semi-insulating  Y,0,  layers  were  deposited  by  electron  beam  evaporation.  Dielec¬ 
tric  constants  for  and  a-SiN:H  are  roughly  estimated  to  be  16  and  8,  respectively. 
In  this  multilayer  cell  configuration,  a  blue  light  emission  in  a-C:H  active  layer  has  been 
observed  [11].  Figure  14  shows  the  luminance-voltage  characteristics  of  a-C:H  TFEL 
devices  under  operation  with  a  10kHz  sinusoidal  ac  voltage  with  a  photograph  demon¬ 
stration.  The  blue-emission  cell  shows  the  maximum  luminance  of  30cd/m'  with  an 
efficiency  in  excess  of  lOMmAfV.  A  series  of  material  selection  trials  on  insulator  layers 
shows  that  Y^O,  layer  may  play  an  important  role  in  injecting  excess  electrons  (more 
than  10 'C/cm’  at  10kHz  operation)  into  the  active  luminescent  a-C:H  layer.  An  insertion 
of  a-SiN:H  is  also  essential  for  the  blue  shift  of  the  emission  spectnjm  [23]. 

Comparing  the  EL  performances  of  a-C;H  cells  with  that  of  a-SiC:H  cells,  the  a-C:H 
»  devices  has  about  one  order  of  magnitude  higher  emission  with  higher  EL  peak  energy 

,  by  0.36  eV.  That  is,  the  emission  color  of  whitish  orange  in  a-SiC:H  cells  shifts  to  blue  in 

a-C:H  cells.  Moreover,  the  a-C:H  EL  device  has  a  threshold  voltage  lower  by  40  V„., 
than  that  of  the  a-SiC  ;H  EL  device.  This  may  be  due  to  a  lower  dielectric  constant  of  a- 
C:H  (about  2.2);  a  greater  electric  field  is  distributed  across  the  luminescent  layer  before 
I  the  onset  of  emission. 

The  emission  spectrum  of  the  a-C:H  TFEL  device  is  compared  with  the  PL  spec¬ 
trum  in  Fig.  1 5.  The  EL  spectrum  has  several  structures,  in  sharp  contrast  to  featureless 
PL  spectrum.  The  peak  positions  have  no  unique  dependence  on  the  total  device  thick¬ 
ness  or  on  details  of  the  multi-layered  structure,  excluding  optical  interference  from 
possible  interpretations.  The  dominant  EL  peak  energy  lies  at  2.4  eV,  which  is  very 
close  to  the  PL  peak  energy.  This  peak  corresponds  to  greenish  blue,  while  total  emis¬ 
sion  color  identified  by  the  naked  eye  is  a  purer  blue,  presumably  due  to  the  contribution 
from  higher  energy  subpeaks  in  the  EL  spectrum. 
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As  it  has  been  discussed  in  the  former  sections,  the  significance  of  amorphous 
semiconductors  is  that  they  are  free  from  difficulty  in  epitaxial  growth,  which  is  indis- 
pensble  for  growth  of  crystalline  materals.  Therefore,  these  new  materials  can  be  de¬ 
posited  easily  with  uniform  on  a  wide  surface  of  any  foreign  material,  facilitating  process¬ 
ing  and  mass  production.  Amorphous  silicon  alloys  have  enabled  us  to  produce  large 
area  integrated  solar  cells  even  40cmx120cm  "NEDO"  size  module  and  also  manufac¬ 
ture  of  large  area  TFT  matrixes  for  driving  liquid  crystal  TV  units.  The  TFLED  and  TFEL 
devices  might  be  a  promising  candidate  for  solid  state  display  panel  for  HDTV. 

Overviewing  these  advancement  of  material  Innovation,  a  new  kind  of  evolution 
has  been  going  on  in  the  field  of  semiconductor  electronics.  Stated  simply,  these  devel¬ 
opments  point  to  the  emergence  of  a  new  technology  which  could  be  called  "macro- 
electronics",  as  opposed  to  "microelectronic^.  In  response  to  this  new  trend,  a  tech¬ 
nological  innovation  has  taken  place  in  semiconductor  material  science  from  the  "bulk 
crystalline  age"  to  that  of  high-quality  "multiiayered  thin  film  age".  In  the  near  future, 
this  innovation  will  be  spread  not  only  to  fields  in  semiconductors,  but  also  in  those 
related  to  all  functional  materials  of  dielectrics,  thin-film  superconductors,  etc.  As  pre¬ 
cursors  of  technological  innovations  in  the  2tst  century,  new  "waves"  in  these  and  other 
fields  are  well  worth  watching.  How  big  and  what  kinds  of  new  flowers  and  fruits  will 
bloom  on  new  trees?  It  will  be  great  fun  to  watch. 
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HIGH-QUALITY  AMORPHOUS  SILICON  CARBIDE  PREPARED  BY  A  NEW 
FABRICATION  METHOD  FOR  A  WINDOW  P-LAYER  OF  SOLAR  CELLS 
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S.Tsuda,  H.Nishiwaki,  S.Nakano  and  Y.Kuwano 

Sanyo  Electric  Co., Ltd.,  Functional  Materials  Research  Center 
1-18-13,  Hashiridani,  Hirakata,  Osaka,  573,  Japan 


ABSTRACT 

A  total  area  conversion  efficiency  of  11.1%  has  been  achieved 
for  a  lOcmxlOcm  integrated-tjT^e  single-junction  a-Si  solar  cell 
submodule  using  a  high-quality  wide-bandgap  p-layer  doped  with 
BjCHs):!  and  other  advanced  techniques.  This  is  the  highest 
conversion  efficiency  ever  reported  for  an  a-Si  solar  cell  with  an 
area  of  lOOcm^.  As  for  a  multi-junction  solar  cell,  12.1%  was 
obtained  for  a  Icm^  cell  with  a  high-quality  wide-bandgap  a-Si 
i-layer.  The  layer  was  fabricated  by  a  hydrogen  dilution  method  at  a 
low  substrate  temperature  for  a  front  active  layer  of  an  a-Si/a-Si/ 
a-SiCe  stacked  solar  cell. 

For  further  improvement  in  conversion  efficiency,  a  wider- 
bandgap  a-SiC  was  developed  using  a  novel  plasma  CVD  method,  called 
the  CPM  (Controlled  Plasma  Magnetron)  method.  From  XPS  and  IR 
measurements,  the  resultant  films  were  found  to  have  high  Si-C  bond 
density  and  low  Si-H  bond  density,  p-type  a-SiC  was  fabricated  using 
the  post-doping  technique,  and  dark  conductivity  more  than 
10“'’(S2  cml'^  was  obtained  (EoptaS  2eV  ;  Eopt2S  2.2eV),  whereas  that 
of  conventional  p-type  a-SiC  is  less  than  10“®(Q  cm)”’.  These 
properties  are  very  promising  for  application  to  the  p-layers  of 
advanced  a-Si  solar  cells. 


INTRODUCTION 

It  is  necessary  for  us  to  establish  a  clean  energy  system  that 
will  not  destroy  the  global  environment.  Solar  cells,  therefore, 
2ire  receiving  much  attention  as  a  clean  energy  source.  Amorphous 
silicon  (a-Si)  solar  cells  have  many  attractive  features,  such  as 
low  fabrication  cost  and  large  area  availability.  Thus,  intensive 
research  efforts  have  been  concentrated  on  developing  a-Si  solar 
cells,  especially  on  improvements  in  conversion  efficiency.  For  this 
purpose,  the  development  of  a  high-quality  wide-bandgap  material  is 
very  important,  because  it  is  used  as  the  window  layer  of  an  a-Si 
solar  cell  or  the  front  active  layer  of  a  multi-junction  solar  cell. 
Consequently,  many  investigations  have  been  performed  in  this  area. 

In  1981,  a  p-type  a-SiC/i/n  a-Si  solar  cell  was  first  proposed 
by  the  Hamakawa  group,  resulting  in  a  considerable  increase  in 
conversion  efficiency^  1].  Since  then,  much  research  has  been 
performed  to  obtain  high-quality  p-type  a-SiC  for  high-performance 
a-Si  solar  cells  and  other  devices  as  shown  in  Table  1.  p-type  a-SiC 
doped  with  BlCHsls  has  excellent  properties  for  the  window  layer  of 
a-Si  solar  cell[  2].  Recently,  we  achieved  the  highest  conversion 
efficiency  of  11.1%  for  a  lOcm^lOcm  integrated-type  single-junction 
a-Si  solar  cell  submodule  using  p-type  a-SiC  doped  with  BlCHalu  and 
other  advanced  techniques  including:!  1)  the  "Super  Chamber”  method; 
(2)  a  highly-textured  TCO,  (3)  an  ultra-thin 
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Table  1  History  of  a-SiC  and  related  devices 
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interface  layer;  and  (4)  a  low-damage  laser  patterning  process. 

For  further  improvement  in  conversion  efficiency,  multi¬ 

junction  solar  cells  have  been  investigated.  Usually,  a-Si  or  a-SiC 
are  used  as  a  front  active  layer  in  multi-junction  soleir  cells. 
However,  there  is  the  problem  that  film  properties  deteriorate  with 
increasing  optical  bandgap.  Recently,  high-quality  a-SiC  alloys 

were  reported[3],  but  their  opto-electric  properties  were  still 
inferior  to  those  of  a-Si.  Therefore,  wide-bandgap  high-quality 

a-Si  films  without  carbon  were  studied  using  the  hydrogen  dilution 

method  at  a  low  substrate  temperature  [  4].  Through  this  method  and 
other  advanced  technologies,  a  conversion  efficiency  of  12.1%  was 
obtained  for  a  Icm^  a-Si /a-Si /a-SiGe  stacked  solar  cell. 

For  further  improvement  in  conversion  efficiency,  wider-bandgap 
materials  were  also  developed.  A  more  transparent  and  conductive 
p-layer  was  fabricated  using  a  novel  plasma  CVD  method,  called  the 
CPM  (Controlled  Plasma  Magnetron)  methodj  5]  and  a  post-doping 
technique.  IR  (infr8ired)  measurements  and  )^S  (X-ray  Photoelectron 
Spectroscopy)  studies  showed  that  these  films  have  a  high  Si-C  bond 
density  tind  a  low  Si-H  bond  density.  The  absorption  coefficients  of 
these  films  were  about  one  order  of  magnitude  lower  than  those  of 
conventional  a-SiC,  and  a  d8U'k  conductivity  of  1.4xlO"'‘(Q  cm)"’  was 
obtained. 

In  this  paper,  we  propose  some  useful  techniques  for  obtaining 
high-quality  wide-bandgap  a-SiC  or  a-Si.  First,  several  excellent 
properties  of  p-type  a-SiC  doped  with  BlCHala  are  described.  Second, 
high-quality  wide-bandgap  a-Si  fabricated  by  the  hydrogen  dilution 
method  at  a  low  substrate  temperature  is  discussed.  Finally,  we 
propose  a  carbon-rich  a-SiC  prepared  by  the  CPM  method  for  higher- 
efficiency  a-Si  solar  cells. 
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Fig.  1  Optical  bandgap  (Eopta)  of 
p-type  a-SiC  as  a  function 
of  boron  concentration 


Fig.2  Photoconductivity  of  p- 
type  a-SiC  films  as  a 
function  of  optical 
bandgaplEopts) 


HIGH-EFFICIENCY  A-SI  SOLAR  CELLS 

Approaches  to  obtain  high-quality  window  layers  for  high-efficiency 
solar  cells 


p-type  a-SiC  is  conventionally  used  for  the  p-layer  of  a-Si 

solar  cells.  Usually,  BaHs  is  used  as  a  p-type  doping  gas,  but  B-B 

and  B-H  bonds  included  in  B2HB  are  thought  to  remain  easily  in  a-SiC 
films,  resulting  in  high  defect  densities.  Therefore,  BlCHsls,  which 
has  no  B-B  and  B-H  bonds,  was  studied  instead  of  BaHs. 

Conventional  a-SiC  films  doped  with  B-^He  have  the  problem  of 
bandgap  narrowing  in  the  highly  doped  region.  The  change  in  optical 
bandgap  (Eopta)  of  p-type  a-SiC  is  shown  in  Fig.  1  as  a  function  of 
boron  concentration.  The  optical  bandgap  was  determined  from  the  ht 
vs  (ahv  plot  using  the  T/(l-R)  method  [6].  This  method  has 

good  linearity  in  the  low  energy  region  compared  with  the 

conventional  Tauc's  plot  (hi-  vs  (ahp  I'"'®  plot),  especially  in 

the  case  of  a-Si  related  alloys,  as  described  later.  The  optical 
bandgap  of  a-SiC  doped  with  B^Hs  decreased  as  the  boron 

concentration  increased.  In  contrast,  that  of  a-SiC  doped  with 
BICHa):,  was  almost  constant  (Eopt;.- 1.8eV).  Since  carbon  content  of 

a-SiC  doped  with  B(CH,-.),t  was  found  to  be  almost  constant  in  this 
region,  it  wac  determined  that  bandgap  narrowing  could  be  avoided  by 
using  B(CH:.)3. 

Fig.2  shows  the  relationship  between  photoconductivity  and 
optical  bandgap.  As  shown  in  this  figure,  the  photoconductivity  of 
a-SiC  films  was  improved  about  one  order  of  magnitude  by  using 
BlCHsls-  From  the  SIMS  (Secondary  Ion  Mass  Spectroscopy) 
measurement,  the  ratio  of  B-B  bonds/B  atoms  in  a-SiC  doped  with 

B(CH,,).-,  was  about  ten  times  smaller  than  that  of  a-SiC  doped  with 

B^Hfi.  Thus,  it  is  considered  that  the  higher  doping  efficiency  and 
the  higher  photoconductivity  of  a-SiC  doped  with  B(CH;,);i  is  depend 
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Fig. 3  Structure  and  illuminated  I-V  characteristic  of  an  integrated- 
type  a-Si  solar  cell  submodule 


on  low  defect  density  due  to  low  densities  of  B-B  and  B-H  bonds. 

Various  advanced  techniques,  including  the  use  of  BlCHsla, 
have  led  us  to  the  world’s  highest  conversion  efficiency  of  11.1% 
(total  area  efficiency)  for  a  10cm  x  '0cm  integrated-type 
single-junction  a-Si  solar  cell  submodule,  as  shown  in  Fig.3. 
Successful  techniques  developed  to  improve  a-Si  solar  cell 
efficiency  include: 


(1)  A  high-quality  i-layer  and  p/i  buffer  layer  using  a  separated 

ultra-high  vacuum  reaction  chamber  apparatus  called  the  "Super 
Chamber”[7].  Using  this  chamber,  the  defect  density  in  the 

i-layer  and  p/i  buffer  layer  can  be  reduced,  leading  to  improved 

output  characteristics  for  a-Si  solar  cells. 

(2)  A  high-quality  and  low  absorption  coefficient  p-layer  of  a-SiC 

doped  with  BiCHs);,,  improves  photosensitivity  in  the  short 
wavelength  region. 

(3)  A  highly-textured  TCO  with  a  high  haze  ratio  and  gentle  slope  in 

the  grains  yields  a  more  uniform  p-layer,  which  can  improve 

photo-sensitivity  in  the  long  wavelength  region. 

(4)  A  new  type  of  ultra-thin  interface  layer  between  the  i-  and 

n-layers  has  been  developed.  This  new  interface  layer  can  reduce 
the  defect  density  of  n-layer. 

(5)  A  new  laser  patterning  technique,  called  the  "Ablation  Oriented 

Laser  Patterning”  method,  which  can  make  integrated-type  a-Si 

solar  cell  submodules  with  very  low  damage.  It  has  led  to 
improvement  of  the  effective  area  and  short  circuit  current. 

All  of  these  improvements  were  introduced  for  the  fabrication 
of  integrated-type  single-junction  a-Si  solar  cell  submodules.  The 

resultant  cell  had  an  open  circuit  voltage  of  12.63V,  short  circuit 
current  of  123.2mA,  fill  factor  of  0.715  and  a  conversion  efficiency 

of  11.1%. 
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Fig.  4  Photo-response  spectra  of 
a-Si  and  related  alloys 


Fig.5  Conductivity  of  a-Si  as  a 
function  of  the  hydrogen 
flow  ratio 


High-quality  a~Si  i-layer  for  high-efficiency  multi-junction  solar 
cells 


For  further  improvement  in  conversion  efficiency,  high-quality 
wide-bandgap  a-Si  was  investigated  from  the  viewpoint  of  the  front 
active  layers  of  multi-junction  solar  cells,  as  shown  in  Fig.  4. 
Although  it  is  well  known  that  deposition  at  low  substrate 
temperatures  results  in  wide-bandgap  a-£l.  the  quality  was  very  poor 
when  conventional  deposition  parameters  were  used.  Therefore, 
hydrogen  dilution  of  the  source  gas  and  optimization  of  the 
deposition  parameters  was  investigated.  Typical  experimental  results 
for  a-Si  fabricated  at  a  low  substrate  temperature  are  shown  in 
Fig.5.  Although,  the  photoconductivity  of  the  a-Si  film  was  less 
than  10-”(Q  cm)-'  when  pure  SiH^  was  used,  it  increased  rapidly  as 
the  SiH^  was  diluted  with  hydrogen.  When  [ Hi,]/[  SiHi]=5,  the  photo¬ 
conductivity  was  improved  to  more  than  cm)-',  and  the  photo¬ 

sensitivity  rose  as  high  as  10®,  at  a  low  substrate  temperature  of 
80°C  .  These  values  are  comparable  to  those  obtained  in  conventional 
device-quality  films  deposited  at  200"C  .  Concerning  the  optical 
bandgap  (Eopt)  of  these  films,  Eoptz  was  around  2.0eV  when  the  hi  vs 
(uhi)’^^  plot  (  Tauc's  plot)  was  used,  and  around  1.7eV  when  the  hi 
vs  (ahi)'^-^  plot  (Eopt;j)  was  used.  The  Eopt  were  higher  than  those 
for  conventional  a-Si  films  fabricated  at  200°C  by  100~150meV. 

In  addition,  the  thermal  stability  of  this  wide-bandgap  a-S.  was 
examined  using  annealing  experiments. 

Fig. 6  shows  the  characteristics  of  a-Si  solar  cells  whose  i- 

layer  was  prepared  by  the  hydrogen  dilution  method  at  a  low 
substrate  temperature.  As  shown  in  this  figure,  the  open  circuit 

voltage  (Voc)  is  as  high  as  0.95V.  The  increase  in  Voc  is  attributed 
to  the  increased  built-in  potential  of  the  solar  cell,  which  is  due 
to  the  wide-bandgap  of  i-layer.  The  conversion  efficiency  of  9%  was 
even  obtained  for  a  '•1500A  thick  i-layer.  By  using  this  high-quality 
wide-bandgap  a-Si  as  the  front  active  layer  for  a  Icm^  a-Si/a-Si/ 
a-SiGe  stacked  solar  cell,  conversion  efficiency  of  12.1%  was 
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Fig. 6  Characteristics  of  a-Si 
solar  cells  as  a  function 
of  the  i-layer  thickness, 
i-layers  were  wide-bandgap 
a-Si  prepared  by  the 
hydrogen  dilution  method  at 
a  low  substrate  temperature 


Fig. 7  Illuminated  1-V 

characteristics  of  a  3- 
stacked  solar  cell  whose 
front  cell  was  fabricated 
by  the  hydrogen  dilution 
method  at  a  low  substrate 
temperature 


obtained,  as  shown  in  Fig. 7. 


WIDER-BANDGAP  A-SICPREPARED  BY  THE  CPM  (CONTROLLED  PLASMA 
MAGNETRON)  METHOD 

Although  high-quality  wide-bandgap  a-Si  can  be  fabricated  by 
the  hydrogen  dilution  method  at  low  substrate  temperatures,  as 
mentioned  in  the  last  section,  it  is  difficult  to  raise  Eopts  above 
2.0eV.  Therefore,  carbon-rich  a-SiC  was  investigated.  It  is  well 
known  that  film  quality  deteriorates  as  the  carbon  content 
increases.  This  is  thought  to  be  caused  by  the  existence  of  C-H^ 
bonds  in  films  in  large  quantities[  8].  Therefore,  we  investigated 
the  possibility  of  increasing  the  numter  of  Si-C  bonds,  instead  of 
C-Ha  bonds,  with  a  novel  plasma  CVD  method,  called  the  CPM 
(Controlled  Plasma  Magnetron)  method[  5]. 


The  CPM  (Controlled  Plasma  Magnetron)  method 


A  schematic  diagram  of  the  CPM  method  is  shown  in  Fig.8.  This 
method  is  basically  a  capacitively  coupled  RF  glow  discharge  plasma 
CVD  method.  Electromagnets  are  positioned  under  the  RF  electrode  to 
generate  a  magnetic  field  in  the  plasma,  and  thus  the  plasma  can  be 
confined  near  the  RF  electrode.  Therefore,  a  high  electron  density 


Plasma  Control 
Electrode 


Fig. 8  Schematic  diagram  of  the 
CPM  method 


Magnetron  current  (A) 

Fig.9  The  CH*  emission  intensity 
near  the  RF  electrode  as 
a  function  of  Img 


plasma  can  be  easily  obtained  and  plasma  damage  to  the  substrate 

decrease. 

The  strength  of  the  magnetic  field  is  controlled  by  the 
magnetron  current  (Img)  through  the  electromagnet.  100  gauss  of 
magnetic  field  can  be  obtained  at  lmg=2A  near  the  center  of  the  RF 
electrode.  Fig.9  shows  the  emission  intensity  of  CH*(431nm)  near  the 
RF  electrode  in  a  CH4  plasma  measured  by  the  OES  (Optical  Emission 
Spectroscopy)  method  as  a  function  of  Img.  CH*  emission  intensity 
increased  with  Img,  and  became  about  1  order  of  magnitude  larger 

than  that  with  conventional  method  (lmg=0A)  in  the  case  of  Img=2A. 
Then  the  CH4  was  found  to  be  effectively  decomposed  by  the  CPM 
method.  This  indicates  carbon-rich  a-SiC  films  can  be  easily 
obtained  by  the  CPM  method.  When  a  magnetic  field  was  applied  to  the 
plasma,  optical  emission  could  not  be  observed  near  the  substrate. 

In  contrast,  plasma  emission  is  almost  constant  between  the 
substrate  and  the  electrode  in  the  conventional  RF  plasma  CVD 
method.  Therefore,  plasma  damage  to  the  substrate  in  the  CpM  method 
is  thought  to  be  small  compared  with  that  in  the  conventional 

method. 

The  specifications  of  this  reaction  chamber  are  almost 
equivalent  to  those  for  the  super  chtunber.  The  background  pressure 
is  below  4xi0“®Pa,  even  at  a  substrate  temperature  of  400t,  so 
undesirable  impurities,  such  as  oxygen  or  nitrogen,  can  be  reduced 
below  5’<10’®cm-^. 


Undoped  a-SiC  films  prepared  by  the  CPM  method 

Undoped  a-SiC  was  prepared  using  the  CPM  method.  The  depositon 
conditions  are  shown  in  Table  2.  The  gases  were  SiH4(100%)  and 
CH4(diluted  to  10%  in  Ha).  The  total  pressure  was  13.3Pa.  The 
magnetic  field,  which  was  controlled  by  the  magnetron  current  (Img), 
was  0  to  100  Gauss  (Img=0-2A). 

The  substrates  were  glass  (Corning  7059)  and  single  crystalline 
silicon  (c-Si:>  10002  •  cm).  Both  the  transmitt«ince(T)  and 
reflectance(R)  of  a-SiC  on  glass  was  measured,  and  then  the 
absorption  coefficient  was  calculated  by  the  T/(l-R)  method[  5].  From 
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the  IR  spectra,  hydrogen  contents  were  estimated  using  the 
absorbance  of  the  Si-H  stretching  mode  (~2050cm“')-  The  XPS  spectra 
were  characterized  by  fitting  Gaussian  curves  to  the  peaks. 

Conductivity  was  determined  using  a  coplanar  A1  electrode. 

Fig.  10  shows  the  absorption  coefficient  (a  )  of  a-SiC  films 

prepared  by  the  conventional  plasma  CVD  method  and  the  CPM  method. 
The  o  decreases  as  the  magnetic  field  increases,  and  the  a  with  2A 
of  Img  is  about  one  order  of  magnitude  lower  than  that  of 

conventional  a-SiC.  Although  the  a  of  conventional  a-SiC  at  a 
photon  energy  of  3eV  is  2xl0''’cm“',  that  of  a-SiC  prepared  by  the  CPM 
method  is  2xl0'*cm~'.  Figs.Il  and  12  show  the  plot  of  hi,  vs 

( a  h  1/  1'''^  (Tauc's  plot)  and  hv  vs  { a  hv  Tauc's  plot  is  often 

used  to  determine  the  optical  bandgap(Eoptz)  of  a-Si  and  related 

alloys  such  as  a-SiC  and  a-SiGe,  but  it  significantly  deviates  from 
a  linear  relationship  in  the  low  energy  region,  especially  in  the 

case  of  a-Si  related  alloys.  Therefore  other  ways  of  determining 

optical  bandgap  (hi,  vs  ( o  h  i,  )''•*)  have  been  attempted  and  good 


Table  2  Deposition  conditions 


1.5  2  2.5  3  3.5  4 


1.5  2  2.5  3  3.5  4 


Photon  energy  teV) 

Fig.  10  The  a  of  a-SiC  by  the  CPM 
method  and  conventional 
method 


1.5  2  2.5  3  3.5  4 


Photon  energy  (eV)  Photon  energy  (eV) 

Fig.  1 1  hi/  vs  (a  hi,  plots  of  Fig.  12  hi,  vs  (a  hi  )"■’  plots  of 
a-SiC  (Tauc's  plot)  a-SiC 
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Fig.  13  The  XPS  spectra  of  a-SiC 

prepraed  by  the  CPM  method 


Fig.  14  The  IR  absorption  spectra 
of  a-SiC  prepared  by  the 
CPM  method 


linearity  was  found[6].  Indeed,  the  linearity  of  Fig.  12  is  better 
than  that  of  Fig.ll.  This  indicates  that  the  hv  vs  (a  hv  plot 
is  useful  to  determine  the  optical  bandgap  (Eopts)-  The  Eopta  of 
a-SiC  by  the  CPM  method  was  about  2.2eV  (Eopt2=2.5eV  ),  which  was 
about  0.4eV  higher  than  that  of  conventional  a-SiC.  Since  a  higher 

optical  bandgap  is  desirable  for  the  window  layer  of  a-Si  solar 
cells,  this  a-SiC  was  expected  to  be  effective  for  improving 

conversion  efficiency. 

XPS  and  AES  (Auger  Electron  Spectroscopy)  measurements  were 
used  to  analyse  the  carbon  content  of  films  quantitatively.  The  XPS 
Spectra  are  shown  in  Fig.  13.  Carbon  bonded  as  Si-C  at  a  binding 

energy  of  ~282eV  was  found  to  drastically  increase  as  Img  increased. 
The  ratio  of  Si-C  bonds  to  Si  was  estimated  by  fitting  these  spectra 
to  Gaussian  curves,  using  the  reference  XPS  spectra  of  crystalline 

(stoichiometric)  SiC.  Although  the  ratio  of  Si-C  to  Si  in 
conventional  a-SiC  was  about  0.15,  that  of  a-SiC  by  the  CPM  method 
was  0.6.  These  results  indicate  that  a-SiC  films  with  a  high  Si-C 
bond  density  can  be  easily  produced  using  the  CPM  method.  The  AES 
was  used  to  estimate  the  film  composition,  and  the  x  value  in 
a-Sii-xCx  was  found  to  increase  0.3  (conventional  a-SiC)  tc  0.55 
(Img=2A).  This  indicates  that  the  a-SiC  with  Img=2A  is  nearly 
stoichiometric.  Fig.  14  shows  the  IR  spectra  of  these  films.  As  the 
magnetic  field  increased,  the  absorption  coefficient  of  Si-C  bonds 
increased  as  same  as  the  XPS  results.  However,  Si-H  bond  density  was 
found  to  decrease  about  1/4.  The  hydrogen  content  bonded  to  Si  was 
estimated  to  be  30%  (Img=0A)  and  8%  (Img=2A),  when  the  A  factor  was 
equal  to  that  of  a-Si  (A=1.4xl0*”cm^).  From  the  XPS  and  IR 
measurements,  a-SiC  films  prepared  by  the  CPM  method  were  found  to 
have  many  Si-C  bonds  and  low  Si-H  bond  density. 


p-type  a-SiC  films 


As  mentioned  above,  wide-bandgap  (EoptaS  2.0eV)  a-SiC  could  be 
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fabricated  by  the  CPM  method.  Thus,  boron  doping  of  such  films  was 
investigated. 

Usually,  p-type  a-SiC  is  deposited  by  the  decomposition  of  a 
mixture  gases,  including  SiH4,  CH^  and  BzHg.  Using  this  method, 
however,  highly  transparent  and  highly  conductive  p-type  a-SiC  could 
not  be  obtained  in  this  experiment.  Thus,  we  adopted  another  doping 
method,  called  the  post  doping  method.  Undoped  a-SiC  was  first 
deposited  on  the  substrate,  and  then  it  was  exposed  to  the  BzHe 
plasma,  as  shown  in  the  left  part  of  Fig.  15. 

The  right  part  of  Fig.  15  shows  the  boron  profile  of  a  post 
doped  film  measured  by  SIMS  to  estimate  the  effective  depth  for  the 
p-layer.  Post  doping  was  performed  for  lOmin.  on  2000a  thick  a-SiC. 
The  conditions  included  an  RF  power  of  0.05  W/cm^,  Img  of  OA,  a  gas 
flow  late  of  lOOsccm  and  a  pressure  of  13.3Pa.  As  shown  in  Fig.  15, 
the  effective  depth  as  a  p-layer  was  estimated  about  200  A ,  in 
which  the  boron  concentration  was  about  1/e  compared  with  that  at 
the  surface.  This  thickness  is  sufficient  for  the  p-layer  of  a-Si 
solcU"  cells.  Fig.  16  shows  the  dark  conductivity  ( d)  of  p-type 
a-SiC  prepared  by  these  two  methods.  The  dark  conductivity  was 
measured  for  a-SiC  with  a  thickness  of  200a  in  the  case  of 
post  doping.  As  for  the  conventional  method,  ad  of  10%  of  BzHs  to 
SiH4  is  3>‘10~''(Q  -  cm)-*  and  lower  than  that  of  p-type  a-SiC.  By 
using  the  post-doping  method,  d  increased  to  1.4x10— *(  Q  ■  cm)”*, 
which  is  higher  than  that  of  conventional  p-type  a-SiC.  Therefore, 
the  post-doping  method  was  found  to  be  effective  for  obtaining 
highly-conductive  p-type  a-SiC  in  the  case  of  doping  such 
carbon-rich  films. 

Fig.  17  shows  a  of  p-type  a-SiC  films  prepared  by  the  CPM 
method  and  conventional  method.  Since  a  can  not  be  determined 
accurately  for  a  thin  film,  the  post-doped  films  was  fabricated  by 
the  5  cycle  repetition  of  deposition  and  post  doping  ((120a '•■post 
doping  5min.)x5times).  The  dark  conductivity  of  these  films  was 
almost  same  (3xlO-*’(Q  cm)-*).  Although  the  a  of  p-type  a-SiC  was 
higher  than  that  of  undoped  a-SiC,  that  prepared  by  the  CPM  method 
was  lower  than  that  prepared  by  the  conventional  method.  The 
post-doped  film  was  found  to  have  the  lowest  a  ,  especially  in  the 
short  wavelength  region.  Although  a  of  conventional  fdm  was 
2xl0^cm-*  at  400nm,  that  of  film  prepared  by  the  CPM  method  was 
5xl0''cra-*.  This  means  that  the  absorbance  in  a  lOOA  thick  p-layer 


SiH4 

CH4 


[1 

p-lyp8  a-SiC  HiEi 


plasma  treatment 


Fig.  15 


Post-doping  method  and  boron  depth  profile  of  p-type  a-SiC 
doped  by  this  method 


673 


in-silu  doping  posl-dopmg 


Fig.  16  The  d  of  p-type  a-SiC  by  Fig.  17  The  a  of  p-type  a-S^C 
the  CPM  method  using  the  with  the  o  d  of  3xl0~^ 

post-doping  technique  and  ( ll  cm)"’ 

conventional  method 


Table  3  Film  properties  of  p-type  a-SiC  prepared  by  the  CPM  method 
using  the  post-doping  technique 


CPM 

Conventional 

Un- 

doped 

Carbon  content 
(from  AES) 

-0.5 

<0.2 

XPS  peak  ratio 
C.s{Si-C)/Si2= 

-0.6 

-0,15 

Hydrogen  content 
(Si-Hx) 

<10at.% 

-30  at.% 

Absorp.  coeff. 
at  400nm 

exio'-axio’ 

cm ' 

>2X10W 

p- 

type 

EoptsfEopb) 

>2  0  (2  2)  eV 

<1.7  (1,9)  eV 

Dark  conductivity 

3X10'~lXl0'‘ 
(Qcm) ' 

—  10*(ncm)' 

can  Ix'  decreased  from  30  to  .'>/  using  the  CPM  method.  Hy  using  this 
wider  bandg.'ip  (Fopt  ■  3.l)eV)  and  highly  conductive  lad.-  11)“  ’ 
I  1;  cm)“')  i)-type  a-SiC  as  a  window  layer,  the  conversion  efficiency 

of  a-Si  solar  cells  is  expected  to  he  iiniuoved  furthermore.  Table  3 
shows  a  summary  of  film  properties  preiiared  by  the  CPM  methotl. 


CONCI.FSIO.NS 

High-quality  wide-hanclgap  materials  were  developed  to  improve 
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the  conversion  efficiency  of  a-Si  solar  cells.  A  total  area 
conversion  efficiency  of  11.1%  was  achieved  for  a  lOcmxlOcm 
integrated-type  a-Si  solar  cell  submodule,  using  p-type  a-SiC  doped 
with  BlCHa),,  and  other  advanced  techniques. 

High-quality  wide-bandgap  a-Si  was  obtained  by  the  hydrogen 

dilution  method  at  a  low  substrate  temperature.  By  using  this 
wide-bandgap  a-Si  as  the  front  active  layer  in  a-Si /a-Si /a-SiGe 
stacked  solar  cells,  a  conversion  efficiency  of  12.1%  was  obtained 
for  a  Icm^  cell. 

For  further  improvement  in  conversion  efficiency,  wider-bandgap 
(EoptaS  2.0eV)  a-SiC  was  prepared  by  the  CPM  method,  which  can 
decompose  material  gases  effectively.  The  obtained  film  has  a  high 

Si-C  bond  density  and  low  Si-H  bond  density.  The  absorption 

coefficient  of  these  films  was  about  1  order  of  magnitude  lower  than 
that  of  conventional  a-SiC.  Post  doping  technique  was  adopted  to 
this  carbon-rich  a-SiC  to  prepare  p-type  a-SiC,  and  highly 
■conductive  (  ?  dS  10"'^(  &  ■  cm)“*)  and  wide-bandgap  (EoptsS  2.0eV) 
films  were  obtained.  These  film  properties  promise  higher  efficiency 

a-Si  solar  cells. 
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DOPED  AMORPHOUS  AND  MICROCRYSTALEINE  SILICON  CARBIDE  AS  WIDE 
BAND  GAP  MATERIAL 


I.  Demichelis*  ,  C.E.  Pirii*  ,  E.  Tresso*  and  P.  Kava’ 

'  Dipart imento  di  Eisica,  Politecnioo  ~  C.  so  Duca  deqli  Abruzzi 
24,  10129  Torino  (Italy) 

-  Elettrorava  S.p.A.,  10040  Savonera  Torino  (Italy) 


Amorph(.>iis  and  m  i  orocryst  al  1  i  tie  silicon  carbide,  undoped  and 
doped,  are  promising  materials  as  wide  band  gap  semiconductors 
(Eo  >  2  eV).  In  the  present  work  results  on  hydrogenated  and 
fluorinated  a  Sir  and  nc  SiC  tilms  intrinsic  ,  B  or  P  doped  are 
reported.  Energy  gap  higher  than  2  eV  are  obtained  together  with 
electrical  dark  coridin't  ivi  t  ies  in  the  range  10-'^  10-^  U  cm'. 


INTRODUCTION 

Anderson  and  Spear  (1)  tirot  reported  results  on  hydrogenated 
amorphous  silicon  carbide  (a-SiC:H)  tilms,  defio.sited  by  the 
g1 ow-d i  .scharge  method,  and  showed  that  the  optical  bandgap  ot 
the  films  increase.s  continuously  with  increasing  carbon  content. 
In  recent  years  there  has  been  a  great  interi’St  to  control  the 
electrical  conductivity  of  wide  band-gap  a-SiCiH  thin  films  for 
application  in  devices  such  as  hel  (>ro  junct  ion  bipolar  tran.sistors 
(2)  and  fihotovol  La  ic  itells  (I).  So  a  number  ot  i  n\ (>st  iuat  ions 
have  been  made  on  i-SiCiH  and  related  matig  ial.s.  Fund.imental 
changes  in  the  el  eot  ro  opt  ica  1  characteristics  of  a  occur 

With  doping. 

Boron  doped  a-SiC:l!  (p-type)  is  widely  used  as  a  windi>w  layer 
for  heterojunct ion  amorphous  silicon  solar  cell.s  resulting  in 
.significant  improvement  in  efficiency  (I).  However  B  doping 
degrades  some  properl  ies  of  a-SiC:H  in  fact  ,  a.s  the  boron 
concentration  increases  detects  are  inttodnced  in  the  pseudo-gap), 
decreasing  the  energy  gap. 

Phosphorus  dopied  a  BiCiH  (n  type)  tilms  show  good  optical 
properties  and  high  band  gap  even  .if  hig)i  dopant  concent  ra  t  i  on , 
but  they  do  not  reach  high  electrical  conductivity  (5). 

In  fluorinated  amorpihoits  silicon  I'arbide,  a  Si(':H,E,  the 
opitical  gap  increase.^  with  fluorine  content  up  to  values  .is  high 
as  i.l  eV  (6).  Using  suitable  deposition  conditions  excellent 
films  having  large  optical  gap  and  high  pihof oconduct  i  \  i t y  have 
been  obtained  (71. 

Recently  Hattori  ef  al.  (8)  have  dedui'ed  1  i  oni  R.iman  oxpietiments 
that  sampiles  composed  of  ;;i  m  i  crocrys  (  a  1  .s  embedded  in  an  amorfihous 
Bit'  matrix  show  opil  ii-.il  t  ransp'areticy  and  good  electrical 
cvondiic  t  i  v  i  t  y  .  A  further  improvement  in  the  conductivitv  wiihout 
i.Tianges  in  the  high  opit  ical  g^ip  c.in  be  obtained  I'V  dopiitni  the 
microcryst  al  1  ine  sanipdes  (9,10). 

In  order  to  establi.oh  )iow  silicon  carbide  alloys,  could  pii  ovule 
wide  band  gap  material  as  well  as  a  good  control  of  elect! ical 
piiTierl  ies  we  invest  igated  the  opitical  .ind  elei'trical  propiei  t  ies 
of  iindopied  and  doped  amorphous  .ind  m  i  cr  o.'i  ys.  t  ,i  1  1  i  ne  silic<in 
carbide  alloys,  (iptical  ga|>  highei  than  .!  e\'  tixpether  with 

conduct  1  \  1  t  y  in  the  i  .inge  1  0- '  *  IO-2  i)  rm  have  been  otdained. 
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TABLE  I 

Depos i t ion  condi f ions 


SiH4 

(seem) 

CH< 

(seem) 

H2 

(seem) 

PHa  B2  Ho 
( vppm ) 

Td 

(■=0 

P 

(Pa) 

P 

(W) 

O-lbO 

0-70 

0-3  10^ 

200 

TO 

50 

200 

30-40 

1  50 

SiH4 
( seem ) 

PFCVD 

UC  -  S 1 C  ;  H  ,  F 

■ 

200 

200 

40 

1  50 

Ar 

(seem) 

fF» 

( seem ) 

H2 

(scorn) 

P 

(W) 

1.5-11 

7-  17 

250 

EXPERIMENTAL 

Films  of  a-SiC':H  and  nc  -  fJiCiii  were  deposited  1>\'  Plasma 
Enhanced  Chemical  \  api>ur  [)ep(.>si  t  ion  (PECVP)  of  SiH<  -CH<  *  (Ha  ) 
mixtures  with  cont  tolled  .iddition  ol  Ba  lU  <'>r  PHj  . 

The  a-Si(':H,F  films  were  prepared  by  R.F.  sputtering  I't  a 
ttilicon  target  in  Ar-Ha-CFa  mixture. 

The  PC- S  1  c  :  H  ,  F'  films  were  deposited  by  PFCVD  in  t;iH«*CF»-H2 
mixtures . 

The  deposition  conditions  of  the  film:;  ari>  listed  in  Fable 
1.  The  cr i St  a  1 1 i n 1 1 y  of  the  films  was  verified  by  IR  and  Raman 
spectroscopies  and  Transmission  Electron  'licroscopy  (TFM). 

Optical  transmittance  and  reflectance  were  measured  by  a 
Perkin  Elme.  I'V-visible  NIR  Lambda  d  sfiect  rophotometer  in  the 
wavelength  region  200-21)00  nm.  D.c.  electrical  conduct  i\  it\  was 
measured  in  coplaiiar  conf  i  gui  at  i  on  under  v.icuuin  with  a  Hewlett 
Packard  1  329  A  High  Resi.stance  Meter. 

RESULTS  AND  DISCUSSION 

The  ab.sorption  coefficient  as  deduced  from  direct  cpt  ical 
and  PDS  measur  t^ment  .a  is  sliowii  in  Fig.  I  fot  undoped,  p  doped  and 
ri  doped  a  SiCiM  typical  s.imples  and  in  Fig.  2  for  undoped  and 
lioped  uc  iliCiM  samples.  It  c.in  be  ot)serv^■.^  that  in  a  Sn'iM  the 
undo[ied  films  .show  an  absorption  >'oet  t  i  c  i  I'nt  \  .s  .  photon  I'luggy 
typical  of  semiconductors  with  energy  gaps  highi-r  than  2  e\  . 
dop.tnt  .itoiii.s  are  i  ricoi  pora  I  ed  the  opficai  pi  uper  t  i  iss  deiirade  .md 
the  eieg-ijN  gap  decrea.ses,  more  strongly  for  boi  on  dopiai  than  foi 
phosphorus  doped  amorphous  films.  For  n<'  Sit'iH  'ilms.  tie*  optic.il 
properties  are  on1\  ;;li<)htly  affected  hi\  doping  aiul  all  I  le> 
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s.imple:',  shi)^  enoi  qy  gjps  hicjluT  than  2  e\  . 

In  order  lo  oompgre  onr  rfyult;;  with  fhone  published  by  other 
dulhors,  the  optical  gap  Eg  wur,  deduced  using  Tduc's  definition, 
e\  en  if  its  applicability  to  mi croct ys ta 1 1 ine  films,  to  doped 
araorphous  semiconductors  and  carbon  ri<'h  materials  is 
questionable  (11,12).  Moreover  also  the  Eo <  gap  defined  as  the 
energy  corresponding  to  a  10*  cm"  ‘  was  deduced.  Both  Eo  and 
Eo 4  for  the  different  sets  of  samples  are  summarized  in  Table 
11.  In  undoped  a  SiCiH,  En  is  included  in  the  range  1.0  2.h 
e\  ,  depending  on  carbon  contents.  In  amorphous  samples  a  narrowing 
in  Eg  can  be  obset ved  as  the  doping  concentration  increases, 
higher  in  boron  than  in  phosphorus  doped  films.  This  fact  can  be 
explained  for  boron  doped  samples  by  the  decrease  of  H  content 
and  an  increase  of  defects  as  82  He  partial  pressure  increases. 
In  phosphorus  doped  films  H  decrease  was  not  observed  and  the 
narrowing  of  the  band  gap  is  probably  only  due  to  dopant  induced 
defects  ( 8 ) . 

Microcry.st  al  1  ine  undoped  films,  investigated  by  TEM,  hase 

shown  crystalline  fraction  lower  than  hOT.  and  crystalline  size 
of  about  200  .A.  Value.s  of  Eg  are  around  1.9  -  2.2  eV  independently 
from  in  icrocris  t  a  1  fraction  and  size  and  w  i  t  li  I'arbon  and  hydrogen 
percentage  ranging  from  5  to  1  B1>  and  from  8  to  201.  respec  t  i  1  el  y . 
In  phosphorus  doped  raicrocryst a  1 1 1 ne  films  an  enhancement  in 
mi crocrys t a  1 1 i n  i  t y  has  been  observed  (11)  ami  the  optical 
properties  arc  practically  independent,  from  P  content  (10).  It 
is  known  ttiat  boron  inhibits  microcrystal  formation  (IT),  .so  only 
.slightly  doped  films  are  miorocrysta 1 1 ine  and  have  energy  gap 
higtier  than  2  eV.  A.s  the  boron  content  increases  the  microcrysta  1 
fraction  and  size  decreases  and  the  optical  piriperties  0*  the 
films  follow  tiie  trend  of  p  doped  a  S'lCtH. 

A  particular  iiitere.st  must  be  devoted  to  fluoririated  silicon 
i.'arbide  samples.  Both  amorphous  and  mi  crocrys  t  a  1  I  i  ne  Si<':)l,T  show 
high  value.s  of  Eg  fas  if  can  be  observed  in  Fni.T-Al.  In  a-SiCiH.F 
samples  prepared  by  sputtering  energy  gap  from  2.0  up  to  1.1  eV 
ha\e  been  obtained.  In  samples  prepared  by  PFCVO  the  \aliie,s  of 
Eg  are  included  in  the  range  2.2‘)  2.4B  eV .  Prob.ibl\'  the  fluorine 
incorporation  gives  rise  to  the  renu.ival  of  localized  states  near 
tile  band  edges  increasing  t  fie  energy  gap  (F.iB). 

(he  dark  conductivity  o , t or  the  different  s.imples  is  reported 
in  Table  II.  It  can  be  seen  ttiat  the  conductivity  of  a-kiCiH  i.s 
very  itiw  anci  it  increattes  about  7  orders  01  magnitude  in  boron 
doped  sampies  and  about  k  orders  of  nuxjnitude  in  phosphorus  dopeii 
'  iries . 

.A  remarkable  improvement  in  conduct i v i t y  is  obtained  in  uc 
From  \aliies  included  in  the  range  1 0- ’  10'®  (1  cm  for 

uridoped  samples,  values  as  high  as  10- ®  (1  cm  and  10- ®  li  cm 

tor  boron  and  pho.sphorus  doped  resptvt  1  ve I  y  can  be  achiei  ed. 

file  high  optical  gap  together  witli  the  high  conduct  i  i  t  \  is 
attributed  to  the  change  in  the  network  structure,  i.e.  the 
ni  i  croi'rys  t  a  I  I  i  za  t  1  on  .  .A.s  tar  as  the  .1  SiC;li,r  films  ate  concerned 
it  can  be  observed  that  the  fluorine  1  m'orpoi at  ion  widens 
drastically  the  gap  whereas  the  conduct  i\  ity  is  only  one  order 
of  magnitiicie  higher  than  that  of  a  Sir:)!  (6). 


TABLE  II 

Band-gap  and  electrical  conductivity 


E» 

(eV) 

Eo  4 

(eV) 

Oa 

PECVD 

a-SiC:H 

undoped 

1 .9-2.5 

2. 0-2. 7 

10-  ‘  0-10-  ‘  3 

PECVD 

a-SiC:H 

B-doped 

1.6-1. 9 

1.8-2. 1 

10-»  -10-’ 

PECVD 

a-SiC:H 

P-doped 

1. 9-2.1 

2. 0-2. 2 

10- -10-  ‘  “ 

PECVD 

uc-SiC:H 

undoped 

1.9-2. 2 

2. 1-2. 2 

10-=  -10-  = 

PECVD 

pc-SiCiH 

B-doped 

1.9-2. 2 

1.9-2. 2 

10-3  -lO-’ 

PECVD 

lJC-SiC:H 

P  doped 

1 .9-2.2 

2. 1-2. 2 

10-2  -io-» 

PECVD 
uc -SiC:H,F 
undoped 

2. 0-2. 4 

2. 1-2.6 

lo-’  -10-  = 

SPUTT. 

a-SiC:H 

undoped 

2. 0-2. 6 

2. 0-2. 7 

10-=  -10-  "> 

SPUTT. 
a-SiC:H, F 
undoped 

2.0-3. 1 

2.0-3. 1 

10-=  -  20->  ‘ 

CONCLUSIONS 

As  a  conclusion  it  can  be  deduced  that  in  si  1  icon- carbon 
alloys  high  optical  band-gap  can  be  achieved  both  in  amorphous 
and  in  microcrystalline  films.  In  amorphous  films  the  high  band-gap 
IS  coupled  to  a  difficulty  to  control  electrical  properties.  In 
doped  films  the  electrical  conductivity  ranges  from  10’'*  to  10-’ 
n  cm  ‘  with  a  decrease  of  optical  gap  from  2.1  to  1.6  eV. 

In  microcrystalline  SiC:H  films  energy  gaps  in  the  range  2  -  2.25 
eV  have  been  obtained  with  dark  electrical  conductivity  from  10-’ 
to  10"*  n  'em 

In  fluorinated  undoped  SiC:H,F  films  energy  gaps  up  to  3.1  eV 
for  amorphous  and  2.4  for  microcrystalline  films  have  been 
Obtained,  in  sucli  films  the  condtu-t  i  v  i  ty  is  of  the  order  of  10"’ 
O  'cm  ' 
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WIDE-GAP  POLYSILANE  PRODUCED  BY  PLASMA-ENHANCED  CVD 
AT  CRYOGENIC  TEMPERATURES 
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Department  of  Electrical  Engineering,  Hiroshima  University 
Higashi-Hiroshima  724,  Japan 


ABSTRACT 

Polysilane  thin  films  have  been  grown  by  the  rf  glow  discharge  decomposition  of 
SiH4  at  substrate  temperatures  ranging  from  -84  to  -ItO'C.  The  infrared  absorption 
spectra  have  shown  that  polysilane  chains  (SiHg)^  are  predominantly  incorporated 
in  the  matrix  toge'i^^r  with  SiH3  which  terminates  the  chain.  Also,  the  infrared 
absorption  band  at  2120-2140  cm  ’  and  a  distinct  Raman  peak  at  -430  cm  ’ 
indicates  that  fairly  long  chains  (SiHj)^  with  n>11  are  produced.  Polysilane 
prepared  at  -IIO’C  has  an  optical  bandgap  of  about  3.1  eV  and  exhibits  a  visible 
luminescence  around  2.75  eV  at  100  K. 

INTRODUCTION 

The  physical  properties  of  binary  Si:H  materials  are  tightly  connected  with  the 
hydrogen  contents  and  the  Si-H  bonding  configurations.  As  is  well  known  device¬ 
quality  hydrogenated  amorphous  silicon  with  an  optical  bandgap  of  1.7-1. 8  eV 
contains  about  10-15  at. lb  hydrogen  in  the  form  of  monohydride  when  it  is  prepared 
at  temperatures  from  200  to  300  C  by  the  plasma  enhanced  CVD  using  SiH^.  Wide- 
optical-gap  (2.4-2.55  eV)  binary  Si:H  alloys  consisting  of  a  significant  amount  of 
polysilane  (SiH2)n  groups  have  been  grown  at  -53  C  by  the  disilane  glow  discharge 
decomposition  [1]  or  at  room  temperature  by  the  homogeneous  chemical  vapor 
deposition  (HOMOCVD)  of  silane[2i.  Despite  a  number  of  work  on  hydrogen-rich 
Si:H  alloys,  very  little  .3  known  on  the  specific  feature  of  vibrational  spectra  and  on  an 
optical  bandgap  value  for  ideal  polysilane. 

In  this  paper,  we  describe  the  procedure  of  fabricating  long  chain  polysilane 
from  an  SiH4  discharge  at  cryogenic  temperatures  The  optical  characterization  of 
the  deposited  films  has  been  carried  out  to  confirm  the  existence  of  long  polysilane 
chains  and  a  wide  optical  bandgap  formation. 

EXPERIMENTAL 

Binary  Si;H  films  were  deposited  on  quartz,  Al  and  c-Si  substrates  by  the  rf  glow 
discharge  decomposition  of  3%  SiH4  diluted  with  H2  in  a  capacitively  coupled 
reactor[3].  The  substrate  temperature  was  changed  in  the  range  -57  to  -IIO'C  by 
controlling  liquid  nitrogen  flow  rate.  The  total  gas  pressure  and  the  rf  power  density 
were  maintained  at  0.2  Torr  and  0.44  W/cm^,  respectively. 

RESULTS  AND  DISCUSSION 
Film  Growth  and  Structural  Analysis 

The  film  growth  rate  is  kept  constant  at  about  0  3  A/sec  in  the  temperature  range 
from  -57  to  -81  C,  while  it  is  abruptly  increased  up  to  about  2  Ajsec  below  -84  C  as 
shown  in  Fig  1  The  growth  rate  enhancement  could  be  attributed  to  an  increase  in 
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SUBSTRATE  TEMPErATURE  (°C) 

Fig.  1  Si:H  film  growth  rate  as  a  function  Of  substrate  temperature. 


Fig.  2  Infrared  absorption  spectra  of  the  SIHx  stretching  modes  for  binary  Si  H  films 
grown  at  different  substrate  temperatures. 

the  effective  sticking  probability  of  gas  phase  products  or  the  increased  surface 
residence-time  o‘  major  film  precursors.  Also,  the  etching  reaction  promoted  by 
hydrogen  radicals  might  be  effectively  quenched  at  such  low  temperatures[4] 
Further  discussion  on  the  film  growth  rate  should  be  done  in  connection  with 
incorporated  hydrogen  bonds. 

The  infrared  absorption  spectra  for  films  grown  at  temperatures  below  -84’C  exhibit 
the  predominant  incorporation  of  polysilane  chains  (SiH2)p  whose  vibrational  bands 
appear  at  2120  and  2140  cm  '  [5]  as  represented  in  Fig,  2.  An  appreciable  amount 
of  SiHg  units,  which  give  rise  to  the  absorption  at  2140  cm  '  and  terminate  the 
{SiH2)n  chains,  are  also  incorpc'ated  in  the  matrix.  At  temperatures  above  -81  C, 
the  isolated  SiH2  bond  absorption  at  2090  cm  '  or  the  SiH  bond  absorption  at  2000 
cm  '  is  predominant  as  in  the  case  of  hydrogenated  amorphous  silicon  grown  at 
200-300  C.  The  hydrogen  content  estimated  by  the  integrated  absorption  intensity 
of  the  stretching  mode  using  a  proportional  constant  of  1.4x10^°  cm  ^  [6]  rapidly 
decreases  with  increasing  the  substrate  temperature,  being  about  28  at  °o  for  a 
sample  prepared  at  -57  C.  The  proportional  constant  can  not  be  used  for  the  case  of 
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Fig.  3  Optical  bandgap  Eopt  and  refractive  Index  as  a  function  of  substrate 
temperature.  Open  circles  denote  Eopt  determined  from  the  photon  energy  at  which 
the  absorption  coefficient  becomes  equal  to  10^  cm  ’. 


polysllane.  The  polysilane  chain  length  is  evaluated  from  the  absorption  peak  shift  of 
the  stretching  mode  or  the  infrared  absorption  intensity  ratio  of  845  cm  ’  (bend- 
scissors)  band  to  890  cm  ’  (wagging)  [8],  indicating  that  the  value  of  n  for  (SiHjfn  is 
larger  than  11  for  films  grown  at  substrate  temperatures  below  -84 'C,  From  these 
results  it  is  likely  that  the  growth  rate  enhancement  at  temperatures  below  -84  C  and 
corresponding  long-chain  polysilane  formation  are  caused  by  a  higher  condensation 
rate  of  gas  phase  products  and  their  polymerization  reactions  on  the  surface  without 
any  hydrogen  radial  etching.  Note  that  the  gas  phase  polymerization  reaction  is 
negligible  in  the  present  experimental  conditions  because  a  silane  partial  pressure  is 
as  low  as  6  mTorr 


Optical  Properties 

The  optical  bandgap  was  determined  by  the  Tauc  plot  and  also  by  the  photon 
energy  at  which  the  absorption  coefficient  reaches  10'*  cm  ’  as  shown  in  Fig,  3.  The 
measured  optical  bandgap  is  3. 1-3.2  eV  for  films  deposited  at  a  substrate 
temperature  of  -110'C.  being  in  consistence  with  a  theoretical  value  (3.1  eV) 
predicted  for  an  ideal  (inear-chained  polysilane[7]  Gradual  decrease  of  the 
refractive  index  with  lowering  the  substrate  temperature  is  basically  explained  by  the 
increase  of  the  optical  bandgap  This  implies  that  the  growth  rate  enhancement  at 
low  substrate  temperatures  is  not  due  to  a  decrease  m  the  film  density. 

The  Raman  spectrum  taken  tor  polys'lane  grown  on  an  Al  plate  at  -84  C  provides 
additional  information  on  the  material  structure.  A  distinct  peak  with  a  full  width  at 
half  maximum  of  -25  cm  ’  appears  at  -430  cm  ’.  being  very  different  from  a  broad 
peak  at  480  cm  ’  that  originates  from  the  Si-Si  TO  mode  In  conventional  a-Si:H  with 
a  hydrogen  content  of  12  at  %  as  compared  in  Fig  4.  The  fairly  sharp  -430  cm  ’ 
peak  has  been  assigned  as  the  LO  mode  of  Si  skeleton  for  long-chain 
polysilane[5,9].  This  is  consistent  with  the  chain  length  n>11  estimated  by  the 
infrared  absorption. 
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Fig.  4  Raman  spectra  for  polysilane  grown  at  -84  C  and  conventional  a-SrH 
prepared  at  300'  C.  An  Ar+  ron  laser  was  used  as  an  excitation  source. 


Fig.  5  Photoluminescence  spectrum  obtained  at  100  K  for  polysilane  grown  at 
-110"'C,  A  337.1  nm  line  from  an  N2  laser  is  utilized  as  an  excitation  source. 

The  polysilane  film  prepared  at  -110°C,  whose  optical  bandgap  is  3  1  eV,  exhibits  a 
visible  photoluminescence  at  2.75  eV  with  a  full  width  at  half  maximum  of  0,8  eV  at 
100  K  for  the  excitation  with  a  337  1  nm  light  from  an  N2  laser  as  shown  in  Fig,  5. 
Although  an  infinitely  chained  polysilane  (SiH2)n  has  a  direct  allowed  gap  at  the  V 
point  as  predicted  by  the  calculation  using  the  Slater-Koster  LCAO  method  [10],  the 
origin  of  this  luminescence  band  is  still  unknown  and  might  be  due  to  the  band-tail 
transition  with  strong  phonon  coupling  or  defect  related  bound-exciton  rather  than 
the  interband  transition. 


Structural  Stability 


The  result  of  the  gas-evolution  measurement  for  polysilane  grown  at  -84  C  is 
shown  in  Fig,  6.  The  evolution  spectrum  for  conventional  a-Si:H  prepared  at  300  C 
IS  also  shown  for  comparison  In  a-SI:H  the  hydrogen  evolution  peak  appears 
around  400"C,  while  in  the  polysilane  the  evolution  maximum  for  molecular 
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TEMPERATURE  (  C) 

Fig.  6  Gas-evolution  intensity  for  polysilane  grown  at  -84"C  and  conventional  a-Si:H 
prepared  at  300  C.  Samples  were  heated  at  a  constant  heating  rate  of  6  C/min, 


Fig.  7  Infrared  absorbance  of  the  Si-O-Si  stretching  mode  at  -1050  cm'^  as  a 
function  of  air  exposure  time  for  films  grown  at  different  temperatures. 


Fig  8  Infrared  absorption  spectra  for  polysilane  grown  at  -HO  C  for  different  air 
exposure  times. 


hydrogen  is  shifted  down  to  320  C  because  of  the  absence  of  three  dimensional  Si 
network.  It  is  interesting  to  note  that  the  evolution  of  SiH^  molecular  units  arising 
from  the  thermal  dissociation  of  the  (SiH2)n  chain  is  observable  at  about  280“  C.  This 
is  a  possible  cause  of  polysilane  surface  oxidation  at  room  temperature.  The  IR 
absorption  at  '1050  cm  ’  due  to  the  Si-O-Si  stretching  mode  is  measured  as  a 
function  of  air  exposure  time  for  films  grown  at  different  temperatures  (Fig.  7). 
Polysilane  deposited  at  temperatures  below  -93  C  contains  a  significant  amount  of 
SiHg  units  and  the  film  is  easily  oxidized.  Tne  oxidation  starts  from  the  backbond  of 
S1H3  in  the  film  as  shown  in  Fig.  8,  where  polysilane  uptakes  oxygen  to  produce 
OSiH2  (-2160  cm  ’),  OSiHg  (-2180  cm  ')  and  02Sih2  ('2230  cm  ’)  units[11].  The 
Si-Si  bond  connected  with  SiH3  which  is  locateo  at  the  edge  of  poiysilane  chain  is 
more  reactive  than  that  of  the  Si  skeleton  in  the  (SiH2)n  chain  because  of  a  little  high 
electronegativity  of  H  compared  to  that  of  Si.  Oxygen  molecule  preferentially  attacks 
the  backbond  of  SiHg  and  the  incorporation  of  highly  electronegative  oxygen  causes 
the  further  oxidation  of  the  Si  skeleton.  On  the  other  hand,  no  oxidation  proceeds  for 
poiysilane  grown  at  temperatures  above  -84  C  because  of  less  amount  of  SiHj. 

CONCLUSIONS 

We  have  demonstrated  that  wide-bandgap  ('3.1  eV)  binary  Si:H  films 
consisting  of  long-chained  (SiHgjn  (n>ll)  units  can  be  deposited  at  temperatures 
below  -84' C  by  plasma  enhanced  CVD  and  that  poiysilane  grown  at  -110  C  exhibits 
visible  photoluminescence  band  around  2.75  eV  at  100K.  It  is  also  shown  that 
poiysilane  which  contains  an  appreciable  amount  of  S1H3  units  tends  to  be  oxidized, 
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ABSTRACT 

The  creation  mechanisms  of  Si  and  N  dangling  bond  defect 
centers  in  amorphous  hydrogenated  silicon  nitride  thin  films  by 
ultra-violet  (UV)  illumination  are  investigated.  The  creation 
efficiency  and  density  of  Si  centers  in  the  N-rich  films  are 
independent  of  illumination  temperature,  strongly  suggesting 
that  the  creation  mechanism  of  the  spins  is  electronic  in 
nature,  i.e.,  a  charge  transfer  mechanism.  However,  our  results 
suggest  that  the  creation  of  the  Si  dangling  bond  in  the  Si-rich 
films  are  different.  Last,  we  find  that  the  creation  of  the  N 
dangling-bond  in  N-rich  films  can  be  fit  to  a  stretched 
exponential  time  dependence,  which  is  characteristic  of 
dispersive  charge  transport. 

INTRODUCTION 

Amorphous  hydrogenated  silicon  nitride  (a-SiNj^rH)  is  a 
rather  unique  material  due  to  its  use  in  a  wide  variety  of 
applications.  For  instance,  a-SiNjj:H  is  extensively  used  in 
non-volatile  memories  because  of  its  excellent  charge  trapping 
properties,  or  as  the  primary  dielectric  for  thin  film 
transistors.  In  order  to  fabricate  higher  quality  films,  much 
effort  has  been  employed  in  understanding  the  origin  and  nature 
of  paramagnetic  and  diamagnetic  defects  in  this  material  [1-6]; 
interesting  enough,  these  defects  appear  to  be  an  intrinsic  part 
of  the  material  [6]. 

It  has  been  known  for  quite  some  time  that  optical 
illumination  creates  paramagnetic  defects  in  a-SiNjj:H  thin  films 
[2, 3, 5, 6]  as  is  the  case  for  several  amorphous  materials,  i.e., 
a-Si  ['.!],  a-Se,  a-AsjSej,  a-As  [8],  etc.  Typically  the  only 
paramagnetic  defect  observed  in  UV-illuminated  as-deposited  a- 
SiNjjiH  is  the  Si  dangling  bond  (db)  [1-3, 5, 6].  However,  after 
annealing  N-rich  films  at  temperatures  exceeding  the  substrate 
temperature  (T_) ,  the  N  db  becomes  the  dominant  defect  center 
generated  by  UV  illumination  [6,9].  In  order  to  further 
understand  the  mechanism (s)  by  which  the  intrinsic  diamagnetic 
defect  sites  are  brought  to  their  neutral  paramagnetic  state,  we 
have  employed  electron  paramagnetic  resonance  (EPR) ,  optical 
illumination  at  different  temperatures,  and  differing  processing 
conditions  in  this  study. 

EXPERIMENTAL  CONDITIONS 

The  a-SiNj^:H  thin  films  were  deposited  by  plasma  enhanced 
chemical  vapor  deposition  (PECVD)  on  fused  silica  substrates  to 
a  thickness  of  approximately  1  micron  at  Tg  of  250  or  400°C. 

The  stoichiometry,  determined  by  an  electron  microprobe 
technique,  was  changed  by  varying  the  NH3  to  SiH^  ratio  [9-11]. 
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The  EPR  measurements  were  made  using  non-saturating  microwave 
power  conditions.  The  density  of  Si  and  N  dbs  were  determined 
by  using  a  microwave  cavity  and  a  weak  pitch  spin 

standard.  UV-iIlumination  (hv  <  5.5  eV)  was  performed  using  an 
Oriel  lOOW  Hg  lamp  at  either  room  temperature  or  100  K. 
Monochromatic  illumination  was  obtained  by  filtering  the 
broadband  light  with  appropriate  narrow-band  (10  nm) 
interference  filters. 

RESULTS  AND  DISCUSSION 

Fig.  1  illustrates  the  variation  of  the  Si  db  densities 
with  film  stoichiometry  (x)  for  as-deposited  and  broad-band  UV- 
illuminated  a-SiNj^iH  thin  films.  The  variation  of  the  Si  db 
with  X  have  been  reported  for  as-deposited  films  by  a  number  of 
investigators  [10,11].  Some  general  features  of  the  EPR  spectra 
are  the  zero-crossing  g-value  and  the  peak.-to-peak  derivative 
linewidth  of  the  Si  db  varies  from  g  =  2.005  and  =  7  G  in 

a-Si  to  g  =  2.002«  and  -  13.6  G,  respectively, '^tor  both 

the  as-deposited  and  UV- illuminated  a-SiN^iH  films.  The 
broadening  has  been  attributed  to  spin  delocalization  on  the  N 
neighbors  as  the  N  content  increases  [6,12].  As  shown  in  Fig. 

1,  the  Si  db  concentrations  for  both  the  as-deposited  and  UV- 
illuminated  films  are  dependent  on  film  stoichiometry;  they  are 
the  lowest  for  N-rich  and  a-Si:H  films  [3,10,11].  (3)  The  as- 
deposited  Si  db  density  is  dependent  on  substrate  temperature 
[3,10];  however,  the  UV-induced  spin  density  is  not  [3]. 


0.00  0.32  0.64  0.96  1.28  1.60 


X  =  N/Si  Atomic  Ratio 

Fig.  1  Si  db  concentration  for  as-deposited  and  UV- illuminated 
a-SiNjjiH  films.  The  triangles  are  for  films  deposited  at  Tg  = 
250°C  and  the  circles  are  for  films  deposited  at  Tg  =  400°C. 

The  Si  spin  densities  for  a-Si:H  were  obtained  from  ref.  7. 


It  is  very  important  to  note  that  the  time  needed  to 
saturate  the  Si  db  density  is  dependent  on  film  stoichiometry  as 
illustrated  in  Fig.  2.  The  samples  in  Fig.  2  were  all  deposited 
at  Tg  =  250‘’C  and  the  UV-illumination  was  performed  at  room 


689 


temperature  using  broad-band  illumination.  The  spin  saturation 
time  in  the  N-rich  films  is  extremely  short  compared  to  the  spin 
saturation  time  in  the  Si-rich  films.  We  believe  that  this  may 
be  a  clue  to  the  spin  creation  mechanism  in  these  films.  For 
example,  the  short  times  needed  to  create  the  spins  in  the  N- 
rich  films  may  suggest  that  the  creation  mechanism  is  electronic 
in  nature.  Meanwhile,  for  the  Si-rich  films  the  time  dependence 
approaches  that  observed  for  creating  Si  dbs  in  a-Si:H,  where 
breaking  of  weak  Si-Si  bonds  is  believed  to  be  the  spin  creation 
mechanism  [7].  From  a  chemical  standpoint,  this  appears 
reasonable  since  to  first  order  one  would  anticipate 
significantly  more  weak  Si-Si  bonds  in  the  Si-rich  films  [13]. 


Fig.  2  Saturation  time  to  create  the  Si  dangling  bonds  in 
nitride  films  with  different  stoichiometries.  The  films  were 
illuminated  at  room  temperature  using  a  broad-band  UV  lamp. 


Of  course,  it  is  possible  that  the  various  saturation 
times,  and  saturation  densities,  result  from  different 
absorption  coefficients  of  the  films  to  the  broad-band  UV  light 
[3].  To  see  if  this  is  the  case,  the  films  were  illuminated 
with  monochromatic  light  corresponding  to  an  absorption 
coefficient  of  10^  cm”^  for  the  different  films,  this  ensured 
that  the  light  is  absorbed  uniformly  throughout  the  films;  the 
power  density  was  kept  constant  for  all  of  the  films  using 
appropriate  neutral  density  filters.  We  find  that  the 
extrapolated  saturation  times  are  still  significantly  longer  in 
the  Si-rich  films  than  for  the  N-rich  films.  For  example,  the 
time  to  saturate  the  spin  density  for  the  x  =  1.48  films  was  240 
min.;  it  was  over  4000  min.  for  the  x  =  1.08  films,  and  over 
7000  min.  for  the  x  =  0.86  films.  This  result  indicates  that  a 
different  mechanism  must  be  responsible  for  Si  db  creation  in 
the  N-rich  and  the  Si-rich  films. 

There  appears  to  be  a  fair  amount  of  evidence  that  the 
creation  of  Si  dangling  bonds  in  the  N-rich  nitride  films  is 
electronic  in  nature;  it  simply  involves  a  change  of  spin  and 
charge  state  of  pre-existing  diamagnetic  positively  (’’’Si)  and 
negatively  (”Si)  charged  Si  sites  (2, 3, 5, 6].  To  further 
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elucidate  the  creation  mechanism,  we  have  measured  the  Si  db 
concentration  as  a  function  of  illumination  time  at  different 
temperatures  as  illustrated  in  Fig.  3.  The  N-rich  films  (x  = 
1.48)  were  illuminated  in  situ  in  the  EPR  cavity  at  300  and  100 
K  using  a  5.17  eV  narrow-band  interference  filter.  The  creation 
kinetics  are  temperature  independent. 

We  believe  that  this  temperature  independence  is  consistent 
with  the  notion  that  neutral  Si  db  centers  are  created  by  the 
pho :c-excitation  of  electrons  from  “Si  sites  [3];  the  emitted 
electro. IS  are  subseguent  captured  by  ‘*'Si  sites  to  also  create 
neutral  Si  dbs.  On  the  other  hand,  if  the  annihilation  of 
excitons  [14],  diffusion  of  atomic  hydrogen  [7],  or  bond 
breaking  events  [1,13]  were  involved  in  the  creation  of  Si  dbs 
for  the  N-rich  films,  a  temperature  dependence  would  have  been 
expected. 


Fig.  3  Creation  kinetics  of  Si  dbs  in  N-rich  a-SiNj^_4g:H  films 
at  300  K  and  100  K  using  monochromatic  (5.17  eV)  ligftt.  The 
lines  were  plotted  using  eqn.  (1). 


As  first  observed  by  Kanicki  et  al.  [5],  we  also  find  that 
the  illumination  time  dependence  for  creating  Si  dbs  can  be  fit 
by  a  stretched  exponential  function  both  at  100  and  300  K  as 
illustrated  in  Fig.  3.  The  function  can  be  expressed  as: 

N(t)  =  Ngd  -  exp[-(t/r)®]}  (1) 

where  N(t)  is  either  the  Si  or  K  db  density  at  time  t,  Ng  is  the 
saturated  Si  or  N  db  spin  density,  “t*  is  the  time  constant  and  fl 
is  a  characteristic  stretching  parameter  related  to  dispersive 
carrier  transport.  Earlier  works  have  shown  that  carrier 
transport  is  dispersive  in  a-SiN^_4g:H  [15].  Dispersive  charge 
transport  leads  to  a  stretched  exponential  function,  common  to 
many  amorphous  materials  [16].  The  values  for  the  stretched 
exponential  at  300  K  are  0.48  and  3900  sec  for  B  and 'T'  , 
respectively,  and  are  0.48  and  5000  sec  for  6  and  T  , 
respectively  at  100  K.  Generally,  B  can  be  related  to  the 
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transport  of  electrons  (or  holes)  by  drift  or  diffusion.  A 
larger  6  value  indicates  that  the  nechanism  is  less  dispersive. 
This  stretched  exponential  formalisB  further  agrees  with  the 
assertation  that  the  creation  of  spins  in  a-SiNj^_4g:H  is 
electronic  in  nature. 

As  mentioned  earlier,  the  N  db  has  also  been  observed  in  N- 
rich  a-SiNjjiH  films.  The  N  db  is  not  observed  in  Si-rich 
nitrides  because  it  falls  into  the  valence  band  [9].  To  create 
the  N  dbs  c.  two  step  process  is  generally  needed  [17]:  (l)  the 

N-rich  films  are  annealed  above  Tg,  and  (2)  subsequently 
illuminated  with  UV-light.  The  density  of  N  dbs  is  dependent  on 
the  films'  initial  hydrogen  concentration  suggesting  that  the 
creation  involves  the  evolution  of  hydrogen  from  an  N-H  site. 

Recently,  it  was  suggested  that  once  the  hydrogen  evolves 
from  an  N-H  group,  N-charged  sites  are  left  behind  that  become 
paramagnetic  upon  exposure  to  UV-light  [17].  If  the  UV-light 
does  change  the  spin  state  and  charge  state  of  diamagnetic  N- 
charged  sites:  an  analog  to  the  creation  of  neutral  paramagnetic 
Si  dbs  in  the  N-rich  films,  except  that  now  the  precursors  are 
charged  diamagnetic  N  sites,  one  might  anticipate  that  the 
creation  )cinetics  of  the  paramagnetic  neutral  N  dbs  should  be 
similar  to  that  observed  for  the  Si  dbs.  Fig.  4  shows  that  this 
is  roughly  the  case.  (The  samples  used  in  Fig.  4  were  annealed 
at  650‘’C  for  15  min,  followed  by  in  situ  UV-illumination  in  the 
EPR  cavity  using  broad-band  UV  light.)  Not  only  are  the  shapes 
of  Figs.  3  and  4  similar,  but  the  creation  of  both  paramagnetic 
centers  is  relatively  temperature  independent. 


Fig.  4  Creation  kinetics  of  N  dbs  in  N-rich  a-SiNj  48’**  filins 
at  300  K  and  100  K  using  broad-band  UV-light.  The  lines  were 
plotted  using  eqn.  (1).  Before  UV-illumination,  the  films  were 
annealed  at  eso^C  for  15  min. 


Last,  we  find  that  the  illumination  time  dependence  for  the 
creation  of  N  dbs  can  also  be  fit  by  a  stretched  exponential 
function  as  shown  in  Fig.  4.  The  values  for  the  stretched 
exponential  at  300  K  are  0.61  and  2500  sec  for  B  and  T' , 
respectively,  and  are  0.49  and  6500  sec  for  B  and  'T'  , 
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respectively  at  100  K.  Hence,  these  results  (stretched 
exponential  and  temperature  independence  for  creating  the  spins) 
lend  support  for  the  aforementioned  N  dangling  bond  creation 
mechanism. 


COKCLUSIONS 

In  summary,  we  have  explored  the  creation  mechanisms  of  Si 
and  N  dangling  bonds  in  a-SiNj^tH  thin  films  by  UV-light.  We 
find  evidence  that  the  creation  of  Si  and  N  dangling  bonds  in  N- 
rich  films  is  a  charge  transfer  mechanism,  and  that  charged 
diamagnetic  sites  are  most  likely  the  precursors  to  the  neutral 
EPR  active  sites.  For  the  Si-rich  compositions,  the  results  are 
consistent  with  the  Si  dangling  bond  being  created  by  a 
different  mechanism;  breaking  weak  Si-Si  bonds  appears  most 
reasonable . 
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STRUCTURE,  CHARACTERISTICS,  AND  THE  APPLICATION  OF  PHOSPHORUS 
DOPED  HYDROGENATED  MICROCRYSTALLINE  SILICON 


S  J,  l"np  1).  li.  Kotccki,  J.  Kanicki',  (?.  C.  Parks,  and  J.  lien 
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'IBM,  r.  J.  Watson  Research  Center,  Yorktown  Heights,  NY  10598 

ABSlRACr 

The  microstructurc,  electrical,  and  optical  properties  of  in  siiu  phosphorus  doped 
hydrogenated  microcrystallinc  silicon  0<c'-Si:H;P)  films  arc  strongly  alTectcd  hy  deposition 
parameters  and  subsequent  thermal  processes.  /(C-Si:H;P  films  with  thickness  ranging  from 
200  to  1(XK)A  have  been  deposited  on  Si  and  SiOj  substrates.  I  he  nc-Si:ll;P  film  is  best 
deposited  at  200“C  in  terms  of  structure,  and  11  and  P  content.  In  this  film, 
microcrystallites  are  embedded  in  an  amorphous  matrix  and  have  a  volume  fraction  of 
s?85%.  The  band-gap  of  the  film  is  1.8  cV.  In  this  paper,  ihc  materials  and  processing 
issues  of  gc-Si;ll:P  deposited  in  a  parallel  plate  Rl'  plasma  and  in  a  downstream  Rl-  plasma 
chemical  deposition  reactor  have  been  studied  using  IIRI  liM,  SIMS,  electrical,  and  optical 
measurements. 


INTRODUCTION 

The  concept  of  using  a  wide  band-gap  emitter  or  a  narrow  band-gap  base  in  a 
heterojunction  bipolar  transistors  (llB  f)  to  improve  the  transistor  performance  was  intro¬ 
duced  by  Shockley  and  Krocmer  in  19.50s  [I].  This  idea  has  been  realized  later  using  the 
mo.'c  advanced  epitaxial  growth  and  thin  film  deposition  technologies.  Recently, 
hydrogenated  amorphous  silicon  (a-Si:H)  [2],  hydrogenated  microcrystallinc  silicon 
(qc-Si:II)  [3],  and  hydrogenated  amorphous  siliocn  carbide  (a-SiC:ll)  [J]  have  been  used  as 
emitter  contacts  in  I  IB  I  s  to  suppress  minority  carrier  injection  and  improve  the  current 
gain.  Nevertheless,  the  resistivity,  thermal  stability,  stress,  and  the  reproducibility  of  these 
materials  still  need  to  be  optimized  and  controlled.  In  this  paper,  the  correlations  between 
structural,  chemical,  electrical,  and  optical  characteristics  of  pc-Si:ll.l’  grown  by  plasma 
enhanced  chemical  vapor  deposition  (I’LUVD)  have  been  studied,  flic  effects  of  thermal 
processing  on  the  structure  and  properties  of  pc-Si:H:P  arc  reported,  fhe  use  of  a  silicon 
nitride  cap  prior  to  anneal  is  shown  to  limit  crystallization  during  R  l  A.  It  has  also  been 
demonstrated  that  polysilicon  can  be  deposited  by  low  pressure  chemical  s  apor  deposition 
(I.P('VD)  at  fi30°(  on  top  of  a  thick  nc-Si:H  film  without  changing  the  structure  of  the 
fic-Si:H  film. 


I•.X1’1;R1ML^TAI, 

/ic-Si:ll:l’  films  were  deposited  on  Si  and  SiOa  substrates  in  a  parallel  plate  R! 
powered  reactor  with  the  gas  mixture  of  1%  Plli  in  Sills  and  100%  lU.  Before  deposi¬ 
tion,  Si  substrate  were  cleaned  by  the  RCA  procedure  [5],  then  10:1  III'  dip,  and  imme¬ 
diately  loaded  into  the  process  chamber  and  pumped  down  to  a  base  pressure  of  2  x  10  * 
Torr.  Films  with  a  thickness  of  200A  to  O.lgm  were  deposited  at  dilferent  substrate  tem¬ 
peratures  and  gas  dilutions  (  %  of  (1%  Plb/Sills)  in  lb),  Rl  power  density,  total  pres- 
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sure,  and  tlic  flow  rate  ol  I"..  I’lli  in  Silla  was  0.1  W-em  ^  1.0  I  orr.  .'intl  10  stern, 
respectively.  I  able  I  sumtnari/cs  the  deposition  parameters,  the  structure,  resistivity,  and 
II  and  I’  content  of  the  (ilms. 

/<c-Si:II:l’  films  with  and  without  a  silicon  nitride  tap  were  then  rapid  thermal  annealed 
at  a  temperature  between  600  and  lOOO'C  in  N2  for  10-110  see.  I’olysihcon  was  deposited 
on  thick  /ic-Si:ll  films  at  630°('  in  a  conventional  l.l’CVD  batch  reactor  from  silane. 
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I'aolc  I.  I  he  deposition  conditions  and  the  corresponding  structure  (either  amorphous  (.A) 
or  microcrystallinc  (Ml),  deposition  rate,  average  grain  si/e,  resistivity,  and  the  II.  P  con¬ 
tents  in  the  films. 


RliSl.d  l  .S  AM)  DISCI  SSION 

I  rom  fable  1,  the  film  deposition  rate  decreases  with  increasing  Ih  Ilow  because  the 
atomic  1 1  produced  in  the  plasma  enhances  a  competing  etching  process.  This  reverse 
etching  process  can  be  promoted  by  the  addition  of  1 1  will  also  preferentially  eliminate  the 
energetically  unfavorable  amorphous  structure,  lienee,  microcrystallinity  can  be  promoted 
by  gas  dilution  [6J.  I  he  microcrystallinc  film  shown  in  f  igure  I  was  obtained  at  a 
substrate  temperature  of  |(l()”('  by  using  a  1%  dilution  of  (I"'.,  PIb  SilU)  in  llj,  while 
those  films  deposited  with  dilution  arc  entirely  amorphous  at  this  temperature.  In 

f  ig.  I,  mieroerystidlitcs  with  average  si/c  of  Z.'iA  arc  embevided  in  the  amorphous  matrix 
and  have  the  volume  fraction  ol'  -S.S";..  fhe  /ic-Si:H:P.'t-Si  interface  is  clean  without 
visible  residual  oxide. 

At  a  constant  growth  temperature,  the  film  resistivity  ilccrcases  as  the  film  thickness  is 
increased  because  the  crystallite  grain  si/c  is  larger  in  the  thicker  film  [7],  and  also  because 
more  P  atoms  activated  with  a  larger  crystallite  si/c.  At  a  constant  film  thickness,  the 
crystallites  si/c  increases  with  increasing  growth  temperature,  while  the  film  rcsistivitv 
decreases  as  shown  in  fable  I.  At  a  higher  temperature,  the  adsorbed  surface  species  (.Sill, 
and  I’ll,)  arc  more  mobile  and  can  migrate  to  lower  energy  sites,  fhcrcforc.  Si  atoms  can 
be  incorporated  into  an  orilcrcd  crystalline  structure  thereby  increasing  the  crystallite  si/c 
and  activating  more  P  atoms.  from  the  electrical  and  compositional  measurements, 
approximately  10':..  of  the  P  is  activated  in  the  /ic-Si:ll:P  film,  and  the  rest  of  the  P  is  likely 
segregated  at  grain  hoiindarics  or  in  the  amorphous  phase. 
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I'igurc  1.  A  liigli  resolution  lattice  image  of  a  VtoA  -thick  nc-Si:II:P  nim  deposited  at 
100°('  and  with  To  ofir'n  I’ll  j'Silla)  in  II?.  Ihe  arrows  indicate  the  clean  /ic-Si:ll;P'c-Si 
interface. 


I'igurc  2.  Ooss-scctional  lattice  image  of  a  26<)A  /JC-Si:II:P  film  alter  a  to  sec  R1 A 

without  an  a-SiA',:II  capping  layer.  I  he  /ic-Si:ll;P  film  is  totally  rccrystalli/cd.  and  the  ori¬ 
ginal  nc-Si:l  I:P/crystallinc  .Si  interface  is  indicated  by  the  arrows. 
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lattice  image  of  a  26()A  /iC-Si:ll:P  film  al^er  a  ‘«)0  C.  to  sec  RTA 
with  a  5000A  a-Si/V.:||  capping  layer.  I'he  original  MC-Si:ll:P  cnstallinc  Si  inierracc  is  indi¬ 
cated  hy  the  arrows. 


Figure  4.  Cross-scctional  images  of  the  test  structure  (a)  polysilicon/Aic-SiilliP/c-Si  and  (b) 

.structure  of  the  #/c-Si:ll:P  remains  unchanged  after  a 

ojO  (  ,  5  min  polysilicon  deposition. 
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The  structure,  electrical,  and  optical  characteristics  of  ^c  Si.H.P  arc  .strongly  affected 
by  thermal  process,  fo  limit  recrystalli/atiuii  during  R  TA,  a  O..Sam-thick  nitrogcn-iich 
hydrogenated  silicon  nitride  (a-SijV,;ll)  capping  layer  was  deposited  onto  /tc-Si:II,P  before 
R  TA.  The  lattice  images  of  a  260A  (jc-Si:ll:I’  film  after  a  RTA  at  9(X)°('  fm  30  .set  without 
and  with  a  0..‘'^iti  a-SiA'.:lt  capping  layer,  respectively,  are  shown  in  f  igs  2  and  i. 

Without  the  capping  layer  (fig.  2),  'he  microcrystallinc  film  is  found  to  totally  recrys- 
talli/e  and  align  with  the  the  substrate.  Voids  arc  al  :o  observed  in  the  film  which  are 
believed  to  be  trapped  Ih  bubbles,  which  lead  to  sr  face  roughness.  .SIMS  measurements 
show  that  the  II  concentration  decreases  after  a  RTa.  The  optical  band-gap  decreases  with 
increasing  R  TA  temperatures,  and  it  was  measured  to  be  approximately  1.8  eV.  1.33  cV, 
and  l  l.")  cV,  respectively,  after  a  fi00°(',  700°(',  and  900°<\  10  .see  R  I'A. 

With  an  a-.SiA'..H  capping  laver  (fig.  3)  the  .structure  consists  of  a  40A  recrystallized 
layer  at  the  pc-Si:ll:P  cystallinc  silicon  interface  and  a  220A  layer  of  polycrystalline  silicon 
with  an  average  grain  size  of  ^  40A.  Thus,  an  a-SiA.:!!  layer  has  been  shown  to  inhibit 
rccrystallization  of  ((c-Si:ll:P  fi'  .i.  limit  formation  of  11?  bubbles,  and  hence  prevent  surface 
roughening. 

Polysilicon  films  were  deposited  onto  the  tic-Si:lfP  films  to  test  the  thermal  stability 
of  the  nc-Si:ll:P  films,  fii.st,  a  ric-Si:ll:P  film  was  deposited  on  a  Si  substrate  or  on  top  of 
a  SirNa  layer  by  PfCVI)  at  2fKl°('.  Subsequently,  a  polysilicon  film  svas  deposited  on 
these  structures  by  I.Pt’Vl)  at  6,30’(h  The  pc-Si:ll:P  film  structure  on  both  Si  substrate 
and  SisNa  is  unciiangcd  after  the  630‘’(',  .S  min  polysilicon  deposition. 


CONCI.USIONS 

In  conclu.sion.  /jc-.Si.TI.P  is  bc.st  deposited  at  2(K)-,300°('  by  PfCVI)  in  terms  of  micro- 
structu’c,  II  and  P  content,  and  dopant  activation. 

1.  The  microstructurc  and  optical  band-gap  of  fic-Si:ll:P  films  was  found  to  be  stable  if 
subsequent  thermal  cycle  is  kept  below  h.SO'c. 

2.  An  a-SiA,:ll  capping  layer  is  deposited  prior  to  the  anneal  has  been  found  to  suppress 
II  evolution  and  inhibit  the  recrystallization  of  fie-Si:ll:P  film  during  higher  temperature 
R  l  A.  fhis  <'i-Si(V,.Tl  cap  can  he  easily  removed  by  wet  etching  in  10:1  III  or  IbPOa. 

3.  It  has  been  shown  that  polysilicon  can  be  deposited  by  I.PCVl)  at  6.30"C  on  top  of 
microcrystallinc  silicon  without  altering  the  structure  of  the  microcrystallinc  film. 
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KI.ECTRICAL  AND  OPTICAL  PROPERTIES  OF  OXYGENATED 
MICROCRYSTALLINE  SILICON  (mc-Si : 0: H) 
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'  .  .’hoc  ’  of  Energy  Studies, Dept,  of  Physics, University  of  Poona 
••  Lvipartment  of  Electrical  Science  .University  of  Poona, Pune  AIIOOVINDIA 

ABSTRACT 

Hydrogenated  microcrystalline  silicon  with  oxygen(mc-Si : 0; H)  is  grown 
using  radio  frequency  glow  discharge  method. Oxygen  is  introduced  during 
growth  by  varying  it*s  partial  pressure  in  the  growth  chamber. The 
crystalline  volume  fraction  ’f'  and  the  crystallite  size  ‘6'  are  found  to 
vary  with  the  oxygen  content .  Resul  ts  indicate  that  oxygen  can  etch  the 

silicon  surface  when  present  in  low  amount  while  it  forms  a-SiO..,  with 

?.~x 

increasing  contents. Opt ical  absorption  studies  in  the  range  of  2  to  3  eV 
suggest  that  the  absorption  coefficient  ’a*  lies  in  between  the  values  of 
c-Si  and  a-Si:H  .being  closer  to  a-Si;H.The  Hail  mobility  measurements  for* 
those  sa^l_^|s  indi^^cate  that  for  optimum  oxygen  contents  the  mobility  as  high 
as  35  cm  V  sec  can  be  obtai ned. Resul ts  on  1-V  characteristics  for  p-i-n 
structure  are  presented. 


INTRODUCTION 


Role  of  oxygen  in  silic-n  as  an  n-type  dooane  impurity  was  recognized 
by  Kaiser ( 1 ]. and  the  exact  mechanism  for  such  a  behaviour  is  still  not  well 
understood.lt  is  well  established  however  that  oxygen  a.ters  the  electrical 
behaviour  in  c-Si  depending  on  it’s  concentration  and  shows  reproducible 
results  for  annealing  behaviour(2|.  The  hydrogenated  microcrystal I ine 
silicon  is  studied  over  last  decade  ,both  as  a  potential  application 
material  in  devices  {3,4,5,61  and  to  understand  growth  of  silicon  from  a 
silane  plajma  [7].  So  far  effect  of  oxygen  incorporation  in  mc-Si : H  .on  it’s 
electrical  and  optical  behaviour  has  not  been  reported.  In  th’s  paper  we 
report  .effect  of  intentional  oxygen  incorporation  on  f. 5. optical  ‘•sorption 
a, Hall  mobility  p^.and  the  conductivity  <r  of  me -Si : H. Oxygen  containing 

mc-Si ;H  will  be  referred  as  mc-Si :0:H. 


EXPERIMENTAL 


The  films  were  deposited  under  the  13.56  MHz  r.f.glow  discharge  in  an 
Anelva  (Japan)  made  systeme.The  deposition  conditions  were;  SiH^  and  flow 

rates-0.5  and  lOOseem  ^ ^^spect ively, substrate  temperature-  300°C,the 
r.  f  power  density-0  47W/cm  and  the  pressure  during  deposition-  0.2Tonr.The 
background  pressure  in  the  system  was  less  than  10  T.The  films  were 
deposited  on  7059  corning  and  (100)  oriented  Si  wafers  after  following 
standard  cleaning  procedures. The  X-ray  diffraction  measurements  were  carried 
out  on  a  Seaman-Bohl i n  arrangement , model  Rotaflex  .200B,by  Rigaku. Japan. The 
X-ray  diffraction  was  measui'ed  with  incident  angles  in  the  range  of  0.2  to 
7  .Volume  fraction  was  determined  from  the  area  under  (111)  plane 
diffraction  peak, as  the  relative  intensity  for  all  other  planes  in  different 
samples  was  within  experimental  errors. 6  was  determined  from  FWHM 
measurements  of  (111)  difraction  peaks  using  Debye  Sheerer  formulalSl . Infra 
red  (I.R. )  absorption  measurements  were  carried  out  on  a  Perkin-Elmer 
1 . R. spertrometer  (model  783). The  partial  pressure  was  adjusted  using  a 

precision  leak  valve  before  introducing  SIH.  and  The  partial  pressure  was 

_7  _3  ^ 

varied  from  2  <  10  to  5  a  10  Torr.  However  beyond  5  •  10  Torr  .the 
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microcryslal lani ty  was  losl.Henc^  results  arg  presented  in  the  oxygen 
partial  pressure  range  of  2  >  10  to  5  x  10  Torr.The  estimated  pumping 
speed  at  the  chamber  is  70  1 tr/sec. Opt ical  transmission  and  reflectance 
measurements  are  carried  out  in  the  UV-visible-NIR  wavelength  region  using  a 
Hitachi-3!10  spectrometer .  The  optical  gap  was  ^oun(^  from  the  extrapolated 
line  intrcepts  from  the  high  absorption  (a  ~  10  cm  )  region  in  (ahu)  ‘^Vs 
( hu )  plots  for  each  sample.  The  Hall  measurements  were  carried  out  on  the 
films  deposited  on  7059  corning  glass  substrates  having  film  dimensions  ,3 
mm  width  ,15  mm  length  and  ears  for  electrode  placement .  The  measurements 
were  carried  out  in  dark  with  constant  ambient  temperature.  The  Hall  voltage 
was  measured  on  a  Keithley  electrometer  (model  614 ). Typical ly  time  required 
for  a  stable  reading  varied  from  1  to  4  hours. The  conductivity  measurements 
were  performed  usng  Van  der  Paw  as  well  as  2  point  probe  method. 


HKSUl.TS  AND  DISCUSSIONS 


Effect  on  the  film  morpho 1 o; 


Fig.  1  shows  variation  of  f  and  5 
as  a  function  of  the  oxygen  partial 
pressure  p  .A  maximum  for  6  (550  +  50 

o  -b” 

A  )  is  obtained  around  1.6  •  10  T  of 

p  .Similar  value  is  obtained  in  me 
02 

Si:H  prepared  by  photo-cVD  method 
.while  by  r.  f.  glow  discharge  to  be 
_  around  400A^  (9,101. Since  the  only 

-  parameter  varied  is  p^^  .the  variation 

I  in  6  can  be  related  to  the  presence  of 
I  nescent  oxygen  in  the  plasma. The  sample 
without  intentional  oxygen 

Incorporation  (here  after  referred  as 
sample  U  )  has  the  highest  f  value 

(0-64). With  increasing  p  f  decreases 
^  ^02 

down  to  0.43. The  relative  0^  contents 
of  these  films  is  obtained  from  the 
I . R. absorpl ion  measurements . As  can  bo 
seen  from  the  Fig.  2,  the  Si-O-Si 
slretchi_ijg  mode  lies  in  between  1000  to 
Figure  1-  Variation  of  volume  "Oij)  cm  .with  a  tendancy  towards  1100 
fraction  f  and  crystallite  size  6  as  cm  as  increases.  In  fact  we  could 

a  function  of  oxygen  partial  pressure  dearly  identify  SiO  at  high  enough 
p  .The  continuous  1 1 ne  is  only  as  a  _p  ^ 

02  p  (  p  -  10  'T). Hence  the 

guide  to  the  eye. 

oxygen  related  stoichiometry  in  the  films  is  like  SiO^  j^  The  growth  rat^.*  is 

observed  to  be  1.1  A°/scc  for  sample  U, while  It  is  less  than  0.8  A*^/sec  for 
films  In  the  presence  of  intentional  oxygen. 6  increases  with  p^^  untill  1.6 

■  10  ^  T  (Fig. 1 ). Larger  value  of  6  indicates  smaller  value  of  surface  nuclei 
during  growth. Hence  .increasing  6  while  simultaneously  decreasing  growth 
rate  with  p^^  indicates  that  oxygen  from  plasma  is  etching  the  surface 

during  the  growth. This  behaviour  of  oxygen  Is  different  compared  to  that  of 
hydrogen, which  Is  shown  to  influence  the  growth  of  microcrystal  1 ani t y  via 
mechanisms  other  than  etchlngl7|. 
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Figure  2-  I.R. 
absorption  spe 
ctra  for  microc 
rystalline  fil 
ms  deposited 
wi th  diff erent 
oxygen  partial 
pressures. 


- Wavenumber  (cm'')  — - «- 

Fig.  3  shows  that  the  oxygen 
contents  in  the  films  increases  with 
p  .  For  pressures  exceeding  2.  • 
^  ”6 

10  T.both  .6  and  f  decrease 
(Fig.  I ).  From  the  shift  and  the  area 
under  the  I.R.  spectra  in  Fig. 2,  it  is 
seen  that  Si02_^  content  is  increasing 

with  a  concomitant  shift  of  x  towards 
O.This  indicates  that  under  high  enough 
pressure  .oxygen  atoms  cluster  around 
the  adsorbed  Si  atoms  forming  stable 
SiOg  nuclei, that  help  build  amorphous 

network  around  it. 

Fig. 3  also  shows  that  relative 
hydrogen  content  in  the  film  increases 
with  hydrogen  content  is  6  %  in 

the  sample  U, where  gs  it  increases  to 
20  %  at  Pq2‘^  10  T.Thus  oxygen  in 

the  film,  damps  the  hydrogen  removal 
from  the  film  during  growth. We  expect 
lx50'  5xio"^  1x10^  5x10^  most  of  the  hydrogen  and  oxygen  to  be 


- P02  (TorrJ - - 

Figure  3-  Shows  relative 
concentration  of  Si-H  and  Si-0  bonds 
as  calculated  from  the  area  of  the 
absorption  coefficient  Vs  wave  number 
curves. The  absolute  content  of  the 
hydrogen  can  be  obtained  by 


incorporated  in  the  amorphous  regions 
of  the  films  that  form  the 
intergranular  regions  between  different 
microrystal I ites. Indeed, the  films  get 
passivated  as  can  be  seen  from  the 
electical  measurements  discussed  in  the 
next  part  of  the  paper. 


multiplying  the 

concentration  by  1.24 


10  cm  . The 


Electrical 


optical  properties 


area  for  hydrogen  is  considered  ^nly 
under  the  wagging  mode  at  640  cm 

comparison  ,a  for  c-Sl  and  that 


We  show  absorption  coefficient  a 
in  Fig. 4  in  the  range  of  2  to  3  eV. For 
for  a-Sl:H  (bandgap=1.6  eV)  is  also 


shown. All  these  films  show  absorption  higher  by  an  order  of  magnitude  than 


c-Sl  above  2.2  oV. However  a  rapidly  decreases  near  2  eV.The  bandgap  from  the 


Tauc  plots  for  these  films  is  estimated  to  be  around  1.8  eV  while  it  is 
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close  to  2.0  eV  for  the  sample  U. 

Fig. 5  shows  <r  (a),u  and  n  (b),as  a  function  of  p  .Thermal  gradient 

test  shows  these  films  are^  the  sample  U  ,n  is  of  the 

order  of  10  cm  while  is  ~  1  cm  V  sec  f3|.  Increasing  the  oxygen  (and 

hydrogen)  content  increases  the  lability  .simultaneously  decreases  the 
carrier  density  untill  speculate  that  the  carriers  in  the 

sample  U  are  contributed  from  the  defect  complexes  in  the  intergranular 
region  of  the  microcrystal  1 ites. On  addition  of  oxygen  and  hydrogen  .these 
donor  states  alongwith  trap  states  associated  with  these  complexe^  ar^ 
remoyed, rendering  high  mobility.The  maximum  mobility  is  about  40  cm  V 
sec  .which  is  comparable  to  the  one  obtained  for  polycrystalline  samples 


optical  absorption  coefficient  a  in  Figure  5-  (a)  Variation  of  room 
the  photon  energy  range  of  2  to  3  eV  temperature  conductivity  c  and  tb) 
for  various  Corresponding  plots  that  of  Hall  mobility  and  carrier 


for  c-Si  and  a-Si:H  are  also  given  density  n  .with  p 
for  comparison. 

having  grain  size  ~  300  A^llll.Thus  clearly  a  passivation  effect  is 
observed, when  we  compare  the  p^  values  of  mc-Si : H  films  grown  by 

r.f. discharge  methods  where  for  400  grain  size  th^  value  does  not  exceed 
2  cm^V  ^sec  (12). On  increasing  p  to  5  x  10  T.p  decreases  to  8 

02  H 

cm^V  ^sec  ^ . Correspondigly,  the  6  value  decreases  to  120  A°.We  find  that  the 
p^  varies  sensitively  with  the  oxygen  content.lt  increases  with  6  but  is 

Insensitive  to  f. Effect  of  oxygen  on  the  mobility  can  be  understood 
qualitatively  using  an  expression  for  ff  based  on  phenomenological 

considerations  for  polycrystalline  semiconducting  materials  having  grain 
size  s  600  A°l 13) . 


•  1/2 

p  =  p  /  {(1-n  t/N  d)+  exp(qV  /KT)  x(2m  nKTi  p/sqd) 
eff  g  t  d  b  g 


(1) 


{  (Amp) 
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where, u  is  mobility  in  the  grain. n  is  the  filled  trap  density, t  is  the 
g 

thickness  of  the  grain  boundary,  N  is  the  dopant  concentrat ion, d  is  the 

d 


average  size  of 
electonic  charge, 
parameter . and  V 


the  grain. q  is 
is  a  correction 
5  grain  boundary 


potential. 

The  increase  in  u  observed  in  the 

mc-Si:0;H  samples  is  attributable  to 
increase  in  d,  decrease  in  and 

n^.Thus  removal  of  trap  states  on 
oxygen  and  associated  hydrogen 
incorporation  and  increase  in  5  seem  to 
be  the  main  effects  responsible  for  the 
increased  mobi 1 ity,  wi thin  the  model 
used  in  expression  (1). 

Since  mobility  for  mc-Si:0:H  is 
higher  than  mc-Si;H  by  an  order  of 
magn i t ude , t he  product  px. where  r  is  the 
lifetime  of  the  photo-generated 
carriers. is  also  large. It’s  absorption 
properties  in  the  2  to  3  eV  range  are 
comparable  with  a-Si:H. Hence  it  is 
expected  to  favourably  response  as  an 
active  i  layer  in  a  p-i-n  type  solar 
cell.  We  have  deposited  on  ^^*^2 

deposited  glass  substrates  (resistance 
~  10  Q/o  )  following  sequence  of 

layers. a-Si : H  Ip  -  type)40  .-me-  Si ;  H 
(p  -  type)  300  A^tmc  -  Si:0:H  3000 
A  :  me  -  Si:H  (n  -  type)  180  A^.  : 

Figure  6-  I-V  characteristics  for  the  metal  1  isat  ion  with  Ag.Fig.6  shows  the 
sructure  Sn02\  p-  a-  Si;H  (40  A  )\p-I-V  plots  for  this  configuration  with 
mc-Si:H  (300  A°)\mc  -Si:0:H  (3000^"'!  without  illumination  under  reverse 

A°)Sn  -me-  Si:H  (180  A°)\Ag  .with  and^'f  Clearly  a  current  gain  on 

without  illumination  under  reverse  ~  '0  indicates  that  the 

..  j..,.  ^1.  .  i  i.  .,1.  photo  conducting  properties  of  this 

bias  condi  t  ions.  The  inset  shows  the^  ^  e  k  k 

„  j  ^  •  r-  1  material  are  reasonable  compared  to 

forward  characteristics  for  solar  r- 

,,  ..  a-Si;H.The  inset  shows  the  forward  bias 

cell  operation.  .  .  .  >  ,, 

2  characteristics  for  the  solar  cell 

appl  icat  ion.  Over  I  mm  area  a  fill  factor  around  ^-53  and  an  efficiency  of 
7.5  %  could  be  obtained.  1^^  values  up  to  22  mA/cm'  are  observed. The  is 


however  relatively  low  I'-  0.5  V).We  have  measured  the  capacitance  for  this 
structure  as  a  function  of  reverse  and  forward  voltage.  The  1/C  Vs  V  plots 
are  linear  and  indicate  a  value  1.05  V  for  the  barrier  potential  from 

the  intercept  on  the  V  axis. It  is  possible  that  relatively  highier  series 
resistance, and  the  recombinations  at  the  Junctions  are  reducing  the  V^.With 


appropriet  deposition  conditions  it  can  be  improved. Further  work  is  in 
progress  in  that  direct  ion. These  results  suggest  that  mc-Si:0;H  can  be  a 
potential  material  in  the  photo-voltaic  devices. 


704 


CONCLUSION 


Intentional  inclusion  of  the  oxygen  in  the  r.f. plasma  during  the  growth 
of  mc-Si : H, affects  the  morphology  of  the  film  as  well  as  it’s  elctrical  and 
optical  propert ies. Effects  on  the  morphology  are  manifested  mainly  in  terms 
of  changes  in  6  and  f.The  variation  of  6  and  f  with  suggest  that  the 
oxygen  on  the  surface  introduces  two  competing  reactions;  one  is  etching  of 
the  adsorbed  Si  atoms  when  oxygen  concentration  is  less  while  other  is 
formation  of  Si02_^  at  higher  concentration  that  presumably  leads  to 

amorphous  network  around  it. 

^n_^ptimym  oxygen  incorporation,  elctron  mobility  can  be  improved  above 
30  cm  V  sec  in  mc-Si :0:H. It  shows  comparable  absorption  in  the  2.2  to  3.0 
eV  photon  energy  range  to  tygt  of^  a-Si : H. The  unintentional  n-type  dopant 
density  in  this  case  is  ~  10  cm  .Results  on  p-i-n  structure  demonstrate 
that  the  material  has  potential  for  photo-voltaic  devices. 
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l.ATTICF-MATCHED  HETEROEPITAXY  OF  WIDE  GAP  TERNARY  COMPOUND 

SEMICONDUCTORS 


KLAUS J  BACHMANN 
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Engineering,  North  Carolina  State  University,  Raleigh,  North  Carolina  27695-7914 


ABSTRACT 


A  variety  of  applications  are  identified  for  heteroepitaxial  structures  of  wide  gap 

I- III-VI2  and  ll-IV-Vg  semiconductors,  and  are  assessed  in  comparison  with  ternary  lll-V 
alloys  and  other  wide  gap  materials.  Non-linear  optical  applications  of  the  I-III-VI2  and 

II- IV-\/2  compound  heterostructures  are  discussed,  which  require  the  growth  of  thick 
epitaxial  layers  imposing  stringent  requirements  on  the  conditions  of  heteroepitaxy.  In 
particular,  recent  results  concerning  the  MOCVD  growth  of  ZnSixGei.xPs  alloys  lattice¬ 
matching  Si  or  GaP  substrates  are  reviewed.  Also,  heterostructures  of  CuzAgi.zGaSs 
alloys  that  lattice-match  Si,  Ge,  GaP  or  GaAs  substrates  are  considered  in  the  context 
of  optoelectronic  devices  operating  in  the  blue  wavelength  regime.  Since  under  the 
conditions  of  MOCVD,  metastable  alloys  of  the  II-IV-V2  compounds  and  group  IV 
elements  are  realized,  II-IV-V2  alloys  may  also  serve  as  interlayers  in  the  integration  of 
silicon  and  germanium  with  exactly  lattice-matched  tetrahedrally  coordinated  com¬ 
pound  semiconductors,  e.g.  ZnSixGei-xPa- 


1 .  PRINCIPLES  OF  WIDE  BANDGAP  MATERIALS  SELECTION 


Wide  bandgap  semiconductors,  i.e.  semiconductors  with  bandgaps  >2  eV,  are  as¬ 
sociated  with  high  chemical  stability  as  well  as  low  intrinsic  carrier  concentrations,  and 
consequently  large  built-in  voltage/small  leakage  current  across  electrical  junctions. 
Therefore,  they  may  be  operated  at  elevated  temperature  and  represent  valuable  sup¬ 
plements  to  conventional  semiconductors  that  have  smaller  bandgaps,  i.e.  Si  and 
GaAs,  in  specialized  applications  that  expose  the  electronic  circuits  to  hostile  corro¬ 
sive,  radiative  or  thermal  environments.  Another  possibly  advantageous  use  of  wide 
bandgap  materials  is  in  the  construction  of  microwave  transistors  having  high  Johnson 
figure  of  merit 
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However,  the  large  gains  in  the  Johnson  figure  of  merit,  that  have  been  reported  in  the 
literature  as  an  incentive  for  research  and  development  [1],  refer  to  break-down  fields 
Eb  in  the  limit  of  very  small  ionized  dopant  concentrations.  This  implies  larger  impe¬ 
dance  Z  than  for  the  less  depleted  junctions  in  conventional  semiconductors  and  thus 
translates  into  less  dramatic  improvements  in  the  maximum  power  Pm  and  cut-off  fre¬ 
quency  Ft  than  in  the  figure  of  merit.  Controlled  complementary  doping  and  low  resis¬ 
tivity  ohmic  contacts  are  important  topics  of  the  experimental  evaluation  of  the  perfor¬ 
mance  and  reliability  of  microwave  devices  built  from  wide  gap  materials  which,  in 
time,  will  reveal  their  true  potential.  The  engineering  of  appropriate  doping  profiles  at 
electrical  junctions  is  a  particular  problem  of  wide  gap  materials  because  of  the 
difficulties  in  identifying  shallow  dopants  and  in  controlling  their  stoichiometry  within 
narrow  tolerances.  The  latter  is  important  because  of  the  role  of  native  point  defects  in 
the  formation  of  DX  and  recombination  centers  degrading  the  control  of  the  conduc- 
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Figure  1.  A  Selection  of  semiconductors  ordered  by  their  bandgaps  and  a-axis  lattice 
parameters.  Open  diamonds:  group  IV  elements:  open  circles:  lll-V  com¬ 
pounds;  filled  circles:  II-IV-V2  compounds;  open  squares:  ll-VI  compounds: 
filled  squares:  l-lll-Vlj  compounds.  The  asterisk  denotes  the  wurzite  structu¬ 
re.  In  this  case,  V2xa(wurzite)  is  used  for  the  plot. 
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tivity  and  carrier  lifetime  [2,3].  Also,  within  a  given  class  of  materials,  larger  bandgaps 
correspond  generally  to  larger  effective  masses.  Therefore,  it  is  prudent  to  select  for  a 
specific  optoelectronic  applications  a  suitable  material  with  minimum  required  band- 
gap. 

Figure  1  shows  a  selection  of  semiconductors  ordered  by  their  bandgaps  and  a- 
axis  lattice  parameters.  Diamond  holds  a  unique  position  among  these  materials 
because  of  its  high  thermal  conductivity  o  =  20  W/cmK  and  saturation  velocity  Vs  = 
2.7x10^  cm/s  that  may  provide  for  potential  gains  with  regard  to  the  power  dissipation 
and  possibly  also  reduced  delay  in  future  microelectronic  circuits  made  from  diamond 
as  suggested  by  its  relatively  high  Keyes  figure  of  merit  o(vs/£i)i'2  pj  jpe  lll-V 
compounds  with  bandgaps  >6  eV,  e  g.  BN,  BP  and  AIN,  have  thermal  conductivities  o 
<  1  W/cmK.  Consequently  they  are  not  a  match  to  the  potential  of  diamond  with  regard 
to  replacing  conventional  semiconductors  in  future  microelectronic  circuits.  However, 
they  may  become  useful  as  nearly  lattice-matched  dielectrics  for  the  realization  of 
diamond  and  silicon  carbide  MIS  transistors.  Another  field  of  applications,  where 
ternary  alloys  and  compounds  can  make  an  impact,  is  optical  electronics.  In  principle, 
nearly  lattice  matched  BN/diamond,  and  exactly  lattice-matched  BNyPi.y/GaN  and 
slightly  mismatched  A!xGai.xN/SiC  and  AlxGai-xN/GaN  heterostructures  could  be¬ 
come  useful  materials  combinations  for  the  fabrication  of  uv  emission  and  detection 
devices  if  the  problem  of  controlling  their  electrical  properties  can  be  solved.  In  spite  of 
the  long  time  of  R&D  on  SiC  and  GaN  light  emitting  devices,  laser  emission  has  not 
been  achieved  in  these  materials  thus  far.  Considerable  progress  has  been  made  with 
respect  to  AlxGai.xN/GaN  heterostructures  in  the  past  decade,  but  the  doping  of  Al-rich 
alloys  still  remains  to  be  a  serious  problem,  as  is  the  lattice-mismatch  of  AIN  and  GaN. 
Therefore,  a  closer  look  at  alternative  materials  is  in  order.  There  exist  several 
semiconductors  that  have  direct  bandgaps  in  the  range  2.5  <  Eg<  3.5  eV  and  a-axis 
lattice  parameters  >5A.  Semiconductors  with  even  lower  energy  gaps  are  appropriate 
for  use  as  low  gap  components  in  the  engineering  of  quantum  wells,  wires  and  boxes, 
where  above  band  gap  optical  transitions  in  the  blue  wavelength  regime  are  made 
possible  by  confinement  effects.  At  least  some  of  these  materials  systems  exactly 
lattice-match  readily  available  substrate  wafers  of  excellent  mechanical  and  thermal 
properties,  e.g.  Si,  which  adds  further  credence  to  their  exploration. 

All  compounds  of  interest  in  this  context  represent  normal  tetrahedral  structures 
obeying  the  Grimm-Sommerfeld  rule  [4]  and  are  related  by  cation  substitutions  as 
illustrated  in  fig. 2.  The  lowering  of  the  symmetry  from  Fd3m  for  diamond  to  F43m  for 
the  zb  structures  ll-VI  and  lll-V  compounds  to  I42d  for  the  cp  structure  II-IV-V2  and  Tlll- 
VI2  compounds,  in  conjunction  with  spin  orbit  splitting,  completely  lifts  the  valence 
band  degeneracy  at  the  zone  center  for  the  cp  structure  materials  with  potential  advan¬ 
tages  to  their  use  in  the  construction  of  spin  polarized  electron  photoemitters.  Also,  the 
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Figure2.  Schematic  representation  of  the  diamond,  zincblende  and  chalcopyrite 
structures. 


smaller  first  Brillouin  zones,  associated  with  the  larger  unit  ceils  of  the  cp  structure 
materials  as  compared  to  their  zb  structure  parent  compounds,  cause  certain 
vectors,that  are  fractions  of  a  reciprocal  lattice  vector  in  the  zb  structure,  to  become  full 
reciprocal  lattice  vectors  in  the  cp  structure  which  results  in  a  remapping  of  several 
high  symmetry  points  from  the  zone  boundary  into  the  zone  center,  e.g.  Xzb  maps  into 
Tcp  Thus  indirect  bandgaps  in  the  zb  structure  may  become  direct  in  the  cp  structure, 
as  for  example  in  the  case  ZnGePz  which  is  the  II-IV-V2  analog  to  GaP.  However,  the 
bond  length  differences,  established  in  the  bonding  of  the  anions  to  the  two  different 
cations  in  the  cp  structure,  result  in  a  displacement  of  the  anions  from  the  ideal  zb 
structure  sublattice  positions  and  cause  ratios  of  the  c-  and  a-axis  lattice  parameters 
c/a  2,  which  is  not  recognized  by  zone  folding  schemes. 

First  principles  band  structure  calculations  for  the  l-lll-VI  and  ll-IV-V  semiconductors 
have  been  carried  out  [5]  that  incorporate  the  contributions  of  the  outer  d-electrons  of 
the  group  I  and  group  II  elements  to  the  bonding  and  account  for  the  tetragonal  distor¬ 
tions.  They  show  that  in  the  i'lll-Vl2  compounds,  the  group  I  d-electrons  contribute 
substantially  to  the  charge  density  in  the  upper  valence  band  which  is  corroborated  by 
the  sulfur  K-edge  features  observed  in  x-ray  absorption  near  edge  fine  structure 
measurements  [6],  The  hybridization  of  the  group  I  d-electrons  with  the  chalcogen  p- 
electrons  in  the  upper  valence  band  has  a  pronounced  effect  onto  the  band  gap 
accounting  for  about  half  of  the  band  gap  narrowing  in  the  I-III-VI2  semicon-ductors  as 
compared  to  their  ll-VI  parent  compounds.  For  this  reason,  CuGaS2  has  a  substantially 
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smaller  bandgap  ZnS  (see  fig.1).  On  the  one  hand,  this  places  CuGaSa  outside  the 
range  of  compounds  that  can  be  used  for  the  fabrication  of  blue  light  emitting  diodes, 
but  on  the  other  hand,  it  implies  significantly  lower  tendency  to  self-compensation  than 
for  ZnS.  The  bandgap  depression  is  less  for  the  silver  containing  I-III-VI2  compounds, 
as  illustrated  by  the  higher  bandgap  of  AgGaS2  as  compared  to  providing  the 
opportunity  for  blue  emission  from  alloys  on  the  pseudobinary  CuGaS2-AgGaS2. 
Another  suitable  cp  structure  materials  system  is  the  ZnGeP2-ZnSiP2  system.  Both 
systems  provide  readily  for  p-type  conductivity  and  exactly  lattice-match  GaP  or  Si 
substrates.  Also,  ZnGeP2  and  AgGaS2  exhibit  substantial  birefringence  and  are  thus 
suitable  choices  for  phase-matched  non-linear  optical  applications.  Therefore,  we 
focus  in  part  3  of  this  paper  onto  heteroepitaxial  structures  of  cp  structure  materials, 
since  the  ordering  of  ternary  lll-V  alloys  of  composition  ABC2  observed  under  the 
conditions  of  MOCVD  and  molecular  beam  epitaxy  (MBE)  [6-17],  established  an  addi¬ 
tional  tie  of  the  lll-V  alloys  to  the  cp  structure  materials,  and  considerable  knowledge 
has  been  gained  in  the  heteroepitaxy  of  lll-V  systems  that  pertains  to  the 
heteroepitaxial  growth  of  the  cp  structure  materials,  a  few  remarks  are  added  in  the 
following  part  2  of  this  paper  on  ternary  lll-V  heterostructures. 

2.  HETROSTRUCTURES  EMPLOYING  TERNARY  lll-V  ALLOYS 


There  exists  a  substantial  body  of  knowledge  regarding  the  heteroepitaxial  growth 
of  nearly  lattice-matched  lll-V  alloys  on  silicon  and  germanium  that  gives  valuable  in¬ 
sights  into  critical  steps  during  the  nucleation  stage  and  into  interdifusion/autodoping 
during  growth: 

1.  Lattice-matching  is  not  necessarily  a  guaranty  for  high  quality  epitaxial  growth, 
i.e.  appropriate  in-situ  surface  cleaning  is  essential.  For  example,  the  relatively  close 
lattice  matching  of  GaP  to  Si  resulted  only  recently  in  superior  defect  structure  in  GaP/ 
Si  heterostructures  as  compared  to  substantially  mismatched  GaAs/Si  heterostruc¬ 
tures  which  was  clearly  related  to  improvements  in  the  surface  cleaning  [18]. 

2.  Even  at  the  relatively  low  substrate  temperatures  of  MOCVD  growth,  interdiffu¬ 
sion/autodoping  can  be  substantial  and  requires  the  development  of  growth  methods 
that  proceed  at  low  temperature.  Figure  3  shows  the  SIMS  profiles  of  the  Ge  doping 
profile  at  the  interfaces  of  nearly  lattice-matched  AlxGai.xAs/Ge  heterostructures 
grown  by  MOCVD  grown  at  selected  temperatures  without  any  intentional  introduction 
of  Ge  into  the  vapor  phase.  The  enhanced  interfacial  recombination  associated  with 
enhanced  Ge  doping  in  the  interfacial  region  at  the  higher  grovirth  temperature  forces, 
in  this  case,  a  compromise  between  low  interfacial  recombination  velocity  at  low 
growth  temperature  and  high  bulk  lifetime  of  minority  carriers  in  AlxGai-xAs  epilayers 
grown  at  high  substrate  temperature  [19]. 
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Figure  3.  SIMS  profile  of  Ge  at  the  interface  of  AIq  osGao  92^5  epilayers  grown  by 
MOCVO  on  Ge  at  selected  growth  temperatures. 

3.  In  the  same  study  [19],  microscopic  APBs  were  observed  at  the  Al,GaAsi.x/Ge 
interface  that  terminated  upon  a  short  period  of  growth.  The  mechanism  for  the 
termination  process  is  not  known  at  present,  and  remains  to  be  an  important  research 
topic  since  microscopic  APBs  at  interfaces  could  have  significant  effects  on  the  perfor¬ 
mance  and  reliability  of  heterostructure  devices.  The  cause  for  the  formation  of 
localized  APBs  could  very  well  be  related  to  the  break-up  of  double  steps  on  vicinal 
surfaces  of  SI  and  Ge  into  single  steps  at  kinks  as  revealed  by  STM  [20].  Since  the 
production  of  discontinuities  in  surface  steps  by  impurities  is  also  well  known,  this 
enhances  the  above  stated  importance  of  an  effective  in-situ  surface  cleaning  step  as 
part  of  the  epitaxial  growth  sequence. 

The  growth  temperature  of  MOCVD  can  be  lowered,  and  the  interdiffusion/autodop¬ 
ing  problem  can  thus  be  reduced,  by  either  an  atomic  layer  epitaxy  (ALE)  approach, 
which  makes  use  of  sequential  chemisorption  /  reaction  cycles  [21],  or  enhancement  of 
the  growth  rate  at  a  low  temperature  by  plasma/light  excitation  of  the  precursor 
molecules  [22],  The  former  two  approaches  work  well  for  small  layer  thickness 
because  they  are  inherently  very  slow.  This  is  tolerable  in  the  construction  of  thin 
confined  hete-rostructures,  but  is  prohibitive  in  cases  where  thick  epilayers  must  be 
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produced.  For  reasons  discussed  below,  this  is  necessary  for  non-linear  optical 
applications  of  heterostructures  of  the  cp  structure  materials  Plasma  enhanced 
MOCVD  has  been  used  by  us  for  surface  cleaning  of  silicon  substrates  prior  to  GaP 
growth  and  for  the  in-situ  generation  of  phoshine  and  highly  reactive  fragments  thereof 
from  solid  red  phosphorus  in  a  remote  helium-^’ydrogen  plasma  [23],  Extreme  caution 
is  required  in  such  a  process  since  the  semiconductor  surface  may  be  easily  damaged 
by  energetic  particles  extracted  from  the  plasma.  Thus  light  enhanced  MOCVD 
appears  to  be  the  most  favorable  approach  in  the  context  of  the  desired  heterostruc¬ 
tures  in  particular  since  such  a  process  can  be  carried  out  in  an  ALE  mode  with 
alternating  chemisorption  /  i'.lumination-reaction  cycles,  if  so  desired  in  the  context  of 
confined  heterostructures. 

The  ordering  of  ternary  lll-V  alloys  of  composition  ABC2  in  the  CuPt,  CuAu-l  or  cp 
structures  has  been  reported  for  a  variety  of  systems  [6-17].  Although  initially  theore¬ 
tical  predictions  characterized  the  ordering  as  an  equilibhum  phenomenon,  more 
recently,  these  predictions  have  been  revised  to  support  the  conclusion  that  the 
excess  free  energy  is  positive  for  all  mismatched  systems  and  nearly  zero  for  the 
lattice  matched  systems  considered  [24].  Possible  exception  are  AlinPj  and  AllnAs2 
for  which  first  principles  calculations  result  in  a  negative  bulk  formation  enthalpy  [25] 
which  is  at  variance  with  the  results  of  the  empirical  tight  binding  calculations  of 
reference  [24].  In  view  of  difficulties  with  accounting  for  entropy  effects  in  the  tempera¬ 
ture  dependence  of  the  free  energy  and  the  very  small  values  for  the  excess  enthalpy, 
theoretical  approaches  presently  cannot  explain  the  experimentally  observed  order¬ 
ing,  which  may  be  related  to  surface  energetics  that  could  stabilize  ordering  [26]  m 
conjunction  with  kinetic  hindrances  that  prevent  the  rearrangement  of  atoms,  once 
ordered,  into  the  thermodynamiic  equilibrium  configuration.  Under  certain  conditions  of 
epitaxy,  the  ordering  may  be  entirely  controlled  by  kinetics,  i.e.  the  modification  of  the 
energy  barrier  to  the  addition  of  a  new  layer  of  cations,  A  or  B,  on  polar  surfaces  may 
be  affected  by  the  backbonding  of  the  anions  C  to  the  next  subsurface  layer  of  cations, 
B  or  A,  which  generally  possess  different  electronegativities  and  sizes.  This  principle, 
in  conjunction  with  the  choice  of  ligands  on  the  precursor  molecules  for  growth,  may 
favor  the  alternative  addition  of  A  and  B  atomic  layers  even  though  a  disordered  bulk 
lattice  is  energetically  favored.  However,  regardless  of  the  mechanism  of  ordering,  the 
prospect  of  subsequent  disordering  and  concomitant  bandgap  changes  in  the 
presence  of  fast  diffusing  impurities  [27]  or  of  radiation  enhanced  diffusion  in  the  volu¬ 
me  filled  by  laser  light  of  relatively  high  energy,  the  lack  of  thermodynamic  equilibrium 
is  of  concern  in  the  context  of  device  reliability.  Therefore,  in  opinion  of  the  author,  the 
thermodynamically  stable  II-IV-V2  and  I-III-VI2  semiconductors  are  superior  to 
metastable  ordered  ep'taxial  structures,  such  as  ordered  lll-V  layers,  in  all  applications 
that  require  a  non-cubic  component  in  a  heterostructure,  e.g.  non-linear  optical  ap¬ 
plications  that  require  birefringence  for  phase-matching. 
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3  HETEROSTRUCTURES  OF  CHALCOPYRITE  STRUCTURE  SEMICONDUCTORS 


Both  positive  and  negative  values  of  the  birefringence  are  realized  in  cp  structure 
semiconductors  [28]  so  that  type  I  as  well  as  type  II  phase  matching  may  be  realized  in 
frequency  mixing,  harmonic  generation  and  other  non-linear  optical  applications  of 
single  crystals  of  these  materials.  Second  harmonic  generation  (SHG)  with  3% 
conversion  efficiency  for  O-switched  CO  laser  light  has  been  reported  in  ZnGeP2  bulk 
single  crystals  of  ~1  cm  size  [29],  Also,  a  remarkable  49%  external  conversion 
efficiency  (80%  internal  conversion  efficiency)  was  achieved  for  SHG  with  pulsed  CO2 
laser  radiation  of  up  to  tGW/cm^  power  density  and  2ns  pulse  width  [29].  Since  the 
CO2  laser  is  one  of  the  most  powerful  sources  of  coherent  radiation  known  to  date,  the 
extension  of  its  use  to  shorter  wavelengths  with  high  conversion  efficiency  is  an 
impotant  accomplishment  that  should  stimulate  more  research  in  this  field  of  applica¬ 
tion.  A  critical  impediment  to  the  optimization  of  frequency  mixing  and  harmonic  gene¬ 
ration  in  cp  materials  is  the  residual  absorption  within  their  transparency  ranges  which 
reduces  the  conversion  efficiency  and  contributes  to  the  laser  damage  threshold 
affecting  thus  critically  the  reliability  of  the  non-linear  optical  components.  It  is  due  to 
both  impurities  and  native  point  defects  requiring  extraordinary  care  under  the 
conditions  of  bulk  crystal  growth  10  achieve  the  needed  level  of  control  of  the  purity 
and  stoichiometry  of  the  compound.  High  pressure  methods  of  crystal  growth  are  help¬ 
ful  in  this  regard,  but  thus  far  is  not  capable  of  p'^oducing  large  crystals  [30], 

An  additional  problem  of  the  growth  of  large  bulk  single  crystals  of  congruently  mel¬ 
ting  cp  structure  materials  from  the  melt  is  cracking  during  cooling  to  room  temperature 
because  of  the  disordering  of  the  cations  at  elevated  temperature,  due  to  the  larger 
entropy  of  the  disordered  zb  phase.  Fortunately  the  transition  temperatures  for  the  II- 
IV-V2  and  I-III-VI2  compounds  represent  large  fractions  of  their  melting  temperatures 
so  that  this  problem  is  eliminated  at  the  relatively  low  substrate  temperatures  employ¬ 
ed  in  heteroepitaxial  growth.  Also,  the  lower  processing  temperature  of  heteroepitaxial 
structures  provides  for  better  purify  [31]  and  allows  the  growth  of  cp  structure  epilayers 
for  materials  that  melt  incongruently.  For  example  CdSnP2  forms  in  a  peritectic  reac¬ 
tion  from  tin  and  CdP2at  5850C  and  has  been  produced  in  the  form  of  epitaxial  films 
on  InP  by  liquid  phase  epitaxy  from  Sn  solutions  below  the  p'^htectic  temperature  [32] 
However,  the  habit  of  the  nuclei  of  the  epilayer  in  the  form  of  platelets  with  slowest 
growth  on  the  (112)  plane  and  substrate  dissolution  control  make  the  growth  of 
homogeneous  epilayers  for  optical  applications  by  LPE  very  difficult,  thus  favoring 
vapor  phase  deposition. 

High  quality  epitaxial  films  of  ZnGeAsz  [33]  and  ZnGePa  [34,35]  have  been  grown 
by  atmospheric  pressure  MOCVD  on  GaAs  and  GaP  substrate  wafers,  respectively, 
utilizing  dimethylzinc,  germane,  phosphine  and  arsine  as  source  materials.  Figures  4 
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2nm 

Figure  4,  XTEM  image  of  a  GaP/ZnGeP2/GaP  double  heterostructure.  Courtesy  of  Dr. 
G  -C  Xing,  North  Carolina  State  University  [34]. 


shows  a  cross  sectional  transmission  electron  micioscopy  (XTEM)  image  of  a  (001)- 
GaP/ZnGePa/GaP  double  heferosfructure  [34j.  Also,  multiple  heterostructures 
GaP/ZnGeP2/GaP/ZnGeP2/..  have  been  grown.  The  perfectly  smooth  interlace  mor¬ 
phology  of  double  and  multiple  heterostruclure  makes  MOCVD  suitable  for  the  growth 
of  confined  heterosfnicfnrcs  combining  zb  and  cp  structure  materials  and  to  utilize 
double  heterostructures  of  cp  and  zb  materials  for  the  guiding  of  light  and  carrier 
confinement  in  conventional  optoelectronic  device  structures  APBs  have  been  ob¬ 
served  for  ZnGeAs2  epilayer  on  (001)  GaAs  substrates,  but  are  not  observed  under  the 
conditions  of  OMVCD  growth  of  ZnGeP2  on  GaP  [36],  The  reasons  for  this  difference  in 
behavior  is  presently  not  understood.  In-plane  phase  matched  SHG  with  CO-laser 
light  should  be  possible  for  (1 1 1  )-GaP/(1 12)-ZnGeP2/(1 1 1)-GaP  double  heterostructu¬ 
res  [35]  In  view  of  the  availability  of  large  lll-V  and  group  IV  substrate  crystals  of  excel¬ 
lent  mechanical  strength  and  perfection,  heteroepitaxy  could  provide  for  substantially 
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longer  beam  path  than  achievable  with  bulk  crystal  growth  technology  tor  cp  structure 
materials,  i.e.  ~7.5  cm  with  currently  available  technology  for  the  heteroepitaxiai 
growth  on  lll-V  substrates.  However  a  substantial  development  effort  will  be  required  to 
generate  films  of  uniform  properties  over  a  thickness  of  tens  of  micrometer  which  is 
needed  for  SHG  using  infrared  radiation  in  the  2  to  10  pm  wavelength  range. 

Extended  ranges  of  metastable  solid  solutions  have  been  discovered  recently  in 
the  investigation  of  the  OMCVD  of  ZnGePa  on  GaP  where  an  excess  of  at  least  15% 
Ge  can  be  incorporated  into  the  lattice  of  the  ZnGeP2  at  a  substrate  temperature  of 
585°C  without  any  sign  of  precipitation  [34,35].  This  is  in  contrast  to  the  behavior 
ZnGeP2  crystals  grown  from  the  melt  where  even  a  small  excess  of  Ge  is  precipitated. 
The  excess  Ge  is  incorporated  into  both  the  cation  and  anion  sublattices,  so  that  with 
increasing  Ge  concentration  the  alloys  gradually  approach  the  diamond  structure  of 
pure  Ge.  In  contrast  to  melt-grown  single  crystals  of  ZnGeP2  that  have  high  resistivity, 
the  ZnGeP2:Ge  alloys  are  low  resistivity  p-type.  Recently  epitaxial  films  of  diluted  pseu¬ 
doternary  alloys  in  the  system  Ge-ZnGeP2-ZnSiP2  have  been  produced  by  OMCVD 
[34,35]  with  net  acceptor  concentrations  at  much  lower  levels  than  encountered  in  the 
ZnGeP2:Ge  alloys.  Therefore,  these  alloys  are  better  suited  for  the  fabrication  of  pn- 
junction  or  Schottky  barrier  devices  than  the  highly  resistive  ZnGeP2  bulk  crystals  and 

ZnSiPg 


Figure  5.  Composition  tetrahedron  ZnSiP2-ZnGeP2-Si-Ge  showing  the  plane  of 
exactly  lattice-matched  compositions  to  silicon  at  300K, 
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the  highly  conductive  ZnGeP2;  Ge  alloys.  Since  there  may  be  a  continuous  range  of 
pseudoquaternary  alloys  In  the  system  ZnSiP2-ZnGeP2-Si-Ge  as  illustrated  in  figure  5, 
and  ll-IV-V2-rich  alloys  have  been  produced  by  us  already  in  this  system,  it  may  beco¬ 
me  useful  for  the  continuous  grading  from  the  diamond  structure  of  pure  silicon  into  the 
cp  structure  maintaining  exact  lattice  matching  through  the  entire  graded  layer. 

The  heteroepitaxial  growth  of  CuGaS2  on  GaP  substrates  by  MOCVD  has  been 
demonstrated  utilizing  triethylphosphine-cyclopentadienyl  copper(l),  triethylgallium 
and  diethylsulfide  or  hydrogensulfide  as  source  materials  [37].  Since  both  CuGaS2 
and  AgGaS  can  be  produced  with  p-type  conductivity,  up  to  20  iJcm  for  CuGaS2  and 
much  lower  values  for  AgGaS2,  there  exists  an  excellent  chance  to  produce  lightly 
doped  p-type  CuGaS2-AgGaS2  alloy  epilayers  on  p+-GaP  (or  p+-Si)  or  p+-GaAs  (or 
p+-Ge)  substrates.  Preferred  device  structures  employing  these  alloys  would  be 
Schottky  barriers  for  broad  band  uv  detection  and  hetero-structures  employing  n^-- 
ZnxCdi  .xS  or  n+-ZnSySey  front  layers  for  near  uv  detection  and  blue  light  emission. 
The  lattice  matching  alloy  compositions  are  ZnxCdi-xS/CuzAgvzGaSz/Si,  ZnxCdi-xS/ 
CuzAgi-2GaS2/GaP,  ZnxCdi-xS/CuzAgi.zGa/Ge  and  ZnxCdi.xS/CuzAgi-zGa/Ge,  re¬ 
spectively.  Unknown  factors  in  the  realization  of  such  heterostructure  devices  are  the 
possible  formation  of  APBs  and  the  chemical  stability  of  the  l-lll-VI/IV  interface.  For  lll-V 
substrates,  the  formation  of  volatile  group  III  subsulfides  upon  exposure  to  HzS  could 
be  utilized  as  an  efficient  in-situ  cleaning  method  [38].  Because  of  the  chemical 
matching  at  the  interface  also  the  direct  growth  of  p-CuxAgi-xGaS  on  n-ZnS  substrates 
represents  an  interesting  option. 

In  summary,  a  variety  of  interesting  applications  for  heteroepitaxial  structures  of 
wide  gap  I-III-VI2  and  II-IV-V2  semiconductors  have  been  identified,  e  g  partially  solar 
blind  uv  detectors,  blue  light  emitting  diodes  and  possibly  lasers  as  well  as  non-linear 
optical  applications  of  I-III-VI2  and  II-IV-V2,  which  require  the  growth  of  thick  epitaxial 
layers  imposing  stringent  requirements  on  the  conditions  of  heteroepitaxy.  MOCVD 
growth  of  ZnGeP2  and  CuGaS2  as  well  as  ZnSixGei.xP2  alloys  has  been  achieved 
with  encouraging  surface  and  bulk  properties.  CuzAgvzGaSz  alloys  lattice-matching 
Si,  Ge,  GaP  or  GaAs  substrates  may  have  utility  in  the  context  of  optoelectronic 
devices  operating  in  the  blue  wavelength  regime.  Since  under  the  conditions  of 
MOCVD,  metastable  alloys  of  the  II-IV-V2  compounds  and  group  IV  elements  are 
realized,  II-IV-V2  alloys  may  also  serve  as  interlayers  in  the  integration  of  silicon  and 
germanium  with  exactly  lattice-matched  tetrahedrally  coordinated  compound  semi¬ 
conductors. 
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ABSTRACT 

A  new  method  for  the  direct  observation  of  two-dimensional  gas  flow 
patterns  in  a  CVD  reactor  has  been  developed  by  combining  a  laser  scanning 
technique  with  generating  micron-sized  TiOr  particles.  With  this  specially 
developed  technology,  the  size  of  generated  TiOi  particles  are  quite  uniform, 
and  of  high  density  by  the  use  of  hydrolysis  of  Ti-alkoxide  in  the  ceramic 
honeycomb  at  the  top  inlet  of  the  model  chamber.  In  this  system,  vertical 
cross  sections  of  the  gas  flow  patterns  can  be  visualized  by  illuminated  TiOi 
particles  in  a  He-Ne  laser  light  sheet.  Using  this  technique,  detailed  gas  flow 
patterns  can  be  clearly  identified  in  the  reaction  chamber.  Changes  in  the  gas 
flow  patterns  with  the  various  growth  conditions,  such  as  gas  flow  rate  and 
pressure,  have  been  measured.  In  this  presentation,  GaAs  thin  film  growth  by 
the  MOCVD  method  will  be  reported  as  an  example. 

This  gas  flow  visualization  method  could  be  a  useful  tool  to  identify  the 
mechanism  of  CVD  reactions  to  give  better  understanding  about  carrier  gas 
transport  and  thin  film  growth  for  wide  band  gap  semiconductors  such  as 
GaN  ,  a-SiC,  SiN  x,  etc. 


INTRODUCTION 

In  the  last  decade,  remarkable  progress  has  been  seen  in  thin  film 
deposition  technologies  over  the  wide  varieties  of  materials  in  metals, 
semiconductors  and  dielectrics.  These  growth  technologies  have  made  it 
possible  to  synthesize  electrical,  optical  and  optoelectronic  properties  of 
compound  semiconductors  by  controlling  atomic  composition  in  the  mixed 
alloys  |1,2|  and  also  by  controlling  the  epitaxial  growth  process  even  at  the 
monolayer  level  l^.d,.")).  With  these  growth  technologies,  e  g.  metal  organic 
chemical  vapor  deposition  (MOCVD),  molecular  beam  epitaxy  (MBE),  plasma 
assisted  chemical  vapor  deposition  (plasma  CVD),  etc.,  there  exists  a 
possibility  to  develop  a  new  type  of  multilayered  functional  device  such  as 
three-dimensional  integrated  circuits  (3DlC's),  optoelectronics  integrated 
circuits  (OEIC  s)  and  super  lattice  devices. 

Among  these,  the  growth  mechanisms  in  the  CVD  processes  are  very 
complex  because  they  contain  the  mass  transport  phenomena  with  various 
chemical  reactions  in  the  gas  phase.  Especially  in  the  MOCVD  process,  the 
epitaxially  grown  film  quality,  which  directly  affects  thickness,  composition 
and  impurity  doping  profile,  is  strongly  dependent  on  gas  flow  dynamics  in 
the  reactor  because  this  process  is  operated  at  atmospheric  or  slightly  reduced 
pressure  ('0.1  atm)  conditions.  Thus,  a  basic  understanding  of  gas  flow 
patterns  inside  the  reactor  is  a  key  issue  to  produce  highly  uniform  epitaxial 
thin  films  in  a  reproducible  method  on  a  large  scale. 

Recently,  much  attention  has  been  given  to  the  area  of  gas  flow  motions  in 
the  vertical  and  horizontal  MOCVD  reactors  through  flow  visualization  studies 
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using  laser  light  and  through  numerical  simulation  studies  via  a 
supercomputer.  In  past  studies  of  flow  visualization,  interference  holography 
of  gas  density  variations  |6,7|  and  scattering  of  a  laser  light  sheet  using 
micron-sized  T1O2  particles  as  a  gas  tracer  18,9,  10|  have  been  attempted  in  the 
reactor.  Flow  visualization  by  means  of  a  laser  light  sheet  is  an  excellent 
method  because  of  the  ability  to  see  cross  sections  of  gas  flow  structures. 
However,  there  still  remains  problems  caused  by  the  non- uniformity  of  the 
Ti02  particles.  This  includes  their  size  and  smoke  density  based  upon  a  very 
active  reaction  of  particle  generation.  We  have  paid  particular  attention  to  this 
point,  and  started  a  series  of  systematic  investigations  on  the  production  of 
fine  and  uniform  micron-sized  TiOa  particles  without  disturbing  the  gas  flow 
in  the  reactor.  In  this  paper,  we  will  present  a  new  flow  visualization 
technique  and  discuss  the  influence  of  recirculating  vortexes  over  the  GaAs 
substrate  in  the  MOCVD  reactor  chamber. 


EXPERIMENTAL  PROCEDURE 
1, Epitaxial  Growth  of  GaAs  and  AlAs 

A  vertical  MOCVD  reactor  which  we  employed  in  our  experiment  is  shown 
in  Fig.  I .  It  consists  of  a  vertical  tapered  quartz  lube  and  a  rf-heated  susceptor 
with  diameters  of  100mm  and  80mm  respectively.  The  graphite  susceptor  does 
not  rotate.  The  carrier  and  source  gases  are  introduced  into  the  reactor  at  the 
top  inlet  through  a  s  tain  less  steel  pipe  with  a  diameter  of  6.45mm. 

Triethylg allium  (TEG),  trimelhy laluminum  (TMA)  and  10%  AsH'  as  the 
source  materials  and  H?  as  a  carrier  gas  are  used  for  GaAs/AIAs  heteroepilaxy. 
A  2-inch  GaAs  substrate  was  used  to  measure  the  distribution  of  the  film 
thickness  as  observed  in  SEM  cross-sections.  The  epitaxial  growth  was 
performed  at  a  susceptor  temperature  of  670°C,  with  two  different  reactor 
pressures  and  total  flow  rate  conditions.  One  is  maintained  at  lOTorr  and  Islm 
(standard  liter  per  minute),  the  other,  at  lOOTorr  and  3slm  respectively 


Total  mass  flow  rate 
Islm 

Fig.l  A  schematic  diagram  of 
the  vertical  MOCVD  reactor.  The 
source  materials  and  carrier  gas 
are  introduced  into  the  reactor  at 
the  top  inlet  through  a  stainless 
steel  pipe. 

100mm 
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Fig. 2  shows  the  distribution  profiles  of  GaAs  epitaxial  film  thickness 
under  the  two  growth  conditions.  In  the  latter  condition,  that  is  lOOTorr  and 
3slm,  we  obtained  a  thickness  uniformity  of  ±5%  distribution  even  without 
rotating  the  susceptor  and  produced  a  good  surface  morphology.  However,  the 
former  condition  showed  a  peculiar  distribution  profile  whose  shape  was  like 
the  letter  "W  over  the  2-inch  substrate.  In  addition,  the  morphology  was  very 
poor  especially  at  the  thick  distribut'd  film  area.  But  this  "W"  shape  indicates 
that  the  gas  flows  axisymmetrically  over  the  substrate  in  the  reactor  chamber. 


Fig. 2  Distribution  profiles  of 
GaAs  epitaxial  film  thickness  over 
a  2-inch  GaAs  substrate  under 
two  growth  conditions. 


2. Flow  Visualization 

In  the  MOCVD  process,  the  gas  flow  behavior  is  governed  by  H2  carrier 
gas  because  the  concentration  of  the  source  materials  is  very  small.  The 
typical  dimensionless  numbers  whose  magnitude  determine  the  fluid 
characteristics  are  shown  in  Table  1.  In  this  MOCVD  process,  when  we  take  a 
characteristic  length  at  the  gas  inlet  of  the  reactor,  the  Reynolds  (Re)  number 
is  very  small  (  =  50),  The  flows  are  laminar.  Moreover,  the  Mach  (Ma)  number 
and  the  Knudsen  (Kn)  number  are  also  very  small.  Thus  we  treat  the  flows  as 
an  incompressible  and  viscous  fluid.  The  ratio  of  the  buoyancy  force,  which 
is  generated  by  a  temperature  difference  between  the  susceptor  and  the 
introduced  gas,  to  the  inertial  force  of  jet  gas  (Grashof  number  (Gr)  /  Re^)  is 
very  small  in  this  case.  The  fluid  is  considered  as  a  forced  convection  flow. 

Fig. 3  shows  an  experimental  apparatus  for  flow  visualization  studies. 
This  apparatus  consists  of  a  model  chamber,  a  system  for  generating  TiOz 
smoke  particles  and  a  He-Ne  laser.  To  examine  the  detailed  gas  flow  patterns 
over  the  susceptor,  we  constructed  a  rectangular  model  chamber  twice  as  large 
as  the  genuine  MOCVD  reactor.  It  is  made  of  acrylic  plates.  The  flow 
visualization  studies  applied  the  similarity  law  and  were  performed  under 
atmospheric  pressure  by  adjusting  to  the  value  of  the  Reynolds  number.  The 
operating  conditions  in  the  flow  visualization  are  shown  in  Table  II.  The  gas 
velocity  at  the  inlet  part  of  the  reactor  was  20m/sec  in  the  growing  conditions 
(pressure:  20Torr,  gas  flow  rate  of  Hi  :  1  slm  ).  However  corresponding  to  the 
Reynolds  number  under  atmospheric  pressure  by  the  use  of  Ni  carrier  gas  in 
place  of  Hi,  the  gas  velocity  will  become  extremely  slow  (about  50mm/scc)  in 
the  flow  visualization  model  chamber. 
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TABLE  I.  Typical  dimensionless 

numbers  and  fluid  characteristics  in  the 
growth  conditions  at  20Torr  and  Islm. 


Dimensionless  number 

Islm 

20Torr670*C 

Critical  value 

Condition 

p 

5  0 

<  2  0  0  0 

Laminar  flow 

K  n  =-^ 
a 

7X10"' 

<0.01 

Viscous  flow 

M  =  ^ 
c 

1.5X1  0^ 

<<  1 

Incompressible 

G  J  Q  ■  /9  -  d  •  A  T 

R  u  ^ 

2X10'' 

<<  1 

Forced 

convection 

P  '.Gas  density 
u  :Gas  velocity 
d  Gharacteristic  length 
p  Goefficient  of  viscosity 
X  Mean  free  path 
C  :Velocity  of  sound  wave 
g  Gravitational  acceleration 
p  Thermal  expansion  coefficient 
P  T  Temperature  difference 
Re  Reynolds  number 
Kn  :Knudsen  number 
M  :Mach  number 
Gr  :Grashof  number 

„  g  •  /S  ■  d^-  A  T 

Gt=  - - 

/r 


In  addition,  we  can  estimate  the  susceptor  temperature  in  the  model 
chamber  which  is  related  to  the  temperature  difference  between  the  susceptor 
and  the  inlet  gas  (ATX))  by  fixing  the  value  of  Gr/Re*  .  As  a  result,  it 
became  very  small  (less  than  0. 011(3).  Hence,  the  susceptor  must  be  kept  at 
room  temperature.  \ 


Fig. 3  A  schematic  diagram  of  the  experimental  apparatus  used  for 
flow  visualization.  The  micron-sized  TiOr  particles  are  generated 
without  disturbing  the  gas  flow  patterns. 
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A  special  feature  of  this  flow  visualization  apparatus  exists  in  the  process 
of  generating  micron-sized  TiOr  particles  which  are  highly  uniform  in  size  and 
smoke  density.  That  is,  Na  carrier  gas  containing  ethyl  alcohol  vapor  comes 
into  contact  with  TiCU  just  on  the  surface  of  the  TiCU  liquid.  TiCl-i  will 
change  into  Ti-alkoxide  (Ti(OCHiCHs)«),  which  is  a  colorless  and  clear  gas, 
through  a  reaction  with  ethyl  alcohol.  Then  the  carrier  gas  with  the  Ti- 
alkoxide  is  passed  through  an  AhOr-made  ceramic  honeycomb  which  is 
mounted  at  the  top  inlet  of  the  model  chamber.  The  interior  walls  of  the 
ceramic  honeycomb  are  extremely  porous,  so  a  large  amount  of  water  is 
adsorbed.  Ti-alkoxide  gas  will  turn  into  micron-sized  TiOr  particles  through  a 
hydrolytic  reaction  with  the  adsorbed  water.  The  TiOr  particles  are  generated 
via  a  2-step  reaction  of  TiCU.  Furthermore,  the  concentration  of  smoke  can 
be  adjusted  by  a  needle  valve  which  is  set  up  in  the  pathway  between  ethyl 
alcohol  and  TiCU.  Moreover,  the  ceramic  honeycomb  plays  another  important 
role,  that  is  rectifying  the  inlet  gas  flow  direction  by  the  use  of  rectifier  grids. 
In  the  flow  visualization,  a  He-Ne  laser  light  beam  is  spread  out  to  the  shape 
of  a  sheet  through  a  cylindrical  lens  and  illuminate  TiOr  particles  in  the  gas 
flow  field.  The  gas  flow  patterns  are  recorded  on  films  by  a  camera  in  front  of 
the  model  chamber. 


TABLE  II.  Operating  conditions 
for  flow  visualization. 


X2  Model  chamber 


Hz  ,20Torr 

Nz  ,760Torr 

_ 

50 

Q 

SLM 

1 

0.4 

U 

m/s 

20 

0.05  - 

P 

Torr 

20 

760 

Gr/Re^ 

2X10“ 

AT 

•c 

650 

0.01 

Extremely  slow 


g  •  •  I 


It  is  very  difficult  to  visualize  the  gas  flow  at  an  extremely  low  velocity 
because  it  can  be  easily  influenced  by  the  disturbance  of  external  conditions. 
For  instance,  when  ethyl  alcohol  or  TiCL  are  bubbled  by  the  carrier  gas,  we 
will  obtain  pulsative  flows  by  small  changes  in  pressure.  Utilizing  the  high 
vapor  pressure  of  ethyl  alcohol,  this  problem  has  been  avoided.  If  we  do  not 
use  rectifier  grids  we  will  not  be  able  to  make  the  gas  flow  straight  toward  the 
susceptor  from  the  gas  inlet  which  is  .^OOmm  away.  In  addition,  if  we 
illuminated  the  particles  with  a  tungsten  lamp  as  a  source  of  light  instead  of  a 
laser  light,  non-axisymmetric  flows  will  occur  instantly  by  increasing  the 
temperature  at  the  model  chamber's  side  wall.  Our  system  has  solved  all  of 
these  problems. 


RESULTS  AND  DISCUSSION 

Adopting  these  new  flow  visualization  techniques,  TiOi  particles  can  be 
generated  in  a  smooth  and  thick  fashion.  As  a  result,  we  were  able  to  observe 
the  vertical  cross  sections  of  detailed  gas  flow  patterns  on  the  susceptor 
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precisely,  clearly  and  continuously  since  these  reactions  were  very  stable. 


(a)  Impinging  jet 


(b)  Stable  flow 


(c)  Diffusion  (d)  Lack  of  hydrolytic  reaction 

Fig. 4  The  photographs  of  the  flow  visualization. 


The  photographs  of  the  flow  visualization  are  shown  in  Fig. 4.  From  these 
photographs,  we  could  see  that  the  introduced  gas  from  the  top  inlet  of  the 
reactor  was  a  jet.  The  width  of  the  jet  was  not  well  developed  between  the  top 
inlet  and  the  susceptor.  The  moment  the  initial  introduced  jet  gas  impinged  on 
the  substrate  and  created  vortexes  was  captured  in  (Fig.4-a).  This  was 
because  the  gas  around  the  jet  was  quiescent  at  the  first  stage  in  the  model 
chamber.  These  vortexes  reached  the  reactor's  side  wall  and  disappeared. 
Then  the  flow  induced  by  the  jet  is  axisymmetric  near  the  substrate  and 
becomes  stable  (Fig.4-b).  After  approximately  30  minutes,  the  diffusion  of 
gas  in  the  reactor  was  also  observed  (Fig.4-c),  Fig.4-e  shows  that  the 
environmental  gas  is  also  moving  and  generating  vortexes.  The  shortage  of 
adsorbed  water  in  the  ceramic  honeycomb  could  not  show  a  hydrolytic  reaction 
inside  the  flux  of  the  jet  gas.  Consequently  TiO?  particles  could  not  be 
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generated  with  high  density  (Fig.4-d).  This  happened  when  the  TiOr  particles 
had  become  attached  to  the  interior  walls  of  the  ceramic  honeycomb. 

The  gas  flow  states  in  Fig.4-b  have  been  investigated  in  more  detail.  It 
has  been  shown  that  the  injected  gas,  which  impinges  the  substrate 
perpendicularly,  flows  radially  outward  along  the  substrate  surface,  separates 
and  then  forms  recirculating  cells  under  the  susceptor  edge.  The  cells  then 
move  onto  the  substrate  and  stop.  It  seems  that  the  cells  are  balanced  with  the 
momentum  of  the  flux.  Fig.4-b  does  not  show  vortexes  but  the  vortexes  are 
always  located  between  the  jet  and  where  the  flow  separated  (see  Fig4-c). 

Fig. 5  shows  the  recirculating  cells  which  rotate  clockwise  and 
counterclockwise  on  the  right  and  the  left  respectively.  The  main  stream  can 
be  separated  from  the  substrate  by  the  existence  of  the  recirculating  cells. 
When  we  increase  the  gas  flow  rate,  the  gas  flow  velocity  will  increase  as 
well.  This  causes  the  cells  to  move  outward  to  another  position  where  the 
momentum  is  balanced  on  the  substrate.  These  phenomena  are  very 
interesting.  The  reasons  why  these  phenomena  exist  are  thought  to  be  caused 
by  the  interaction  between  the  following  effects.  (1)  The  shape  of  the 
susceptor  edge.  (2)  The  distance  between  the  susceptor  and  the  reactor's  side 
w  ill.  (3)  The  total  gas  flow  rate  (i.e . the  velocity  of  the  jet  gas) 


Fig. 5  The  recirculating  cells  and  the  flow  separations  on  the  substrate. 


The  result  of  the  film  thickness  distribution  profile  at  the  conditions  of 
20  Torr  and  Islm  and  that  of  flow  visualization  under  atmospheric  pressure 
being  adjusted  to  the  Reynolds  number  are  compared.  The  result  is  shown  in 
Fig. 6.  The  position  where  the  film  is  thick  correspnds  to  the  flow  separation 
point.  The  presence  of  the  vortexes  on  the  substrate  strongly  affects  the  film 
quality.  When  the  material  species  are  entered  into  the  recirculating  cells  once, 
they  will  not  be  able  to  get  out  except  by  diffusion.  Thus  fresh  gas  supply 
cannot  be  sufficient  to  the  substrate  surface  under  the  recirculating  cells.  It 
decreases  the  partial  pressure  of  AsHi  and  as  a  result,  the  epitaxial  growth  is 
not  well  done. 

The  Reynolds  number  is  independent  of  reactor  pressure  when  the  gas 
flow  rate  is  fixed,  because  the  gas  velocity  changes  at  an  inverse  proportional 
rate  to  those  of  the  reactor  pressure.  On  the  other  hand  the  gas  density  is 
directly  proportional  to  the  pressure  (Reoc  «  •  u  ).  Further,  increasing  the 
total  gas  flow  rate  implies  increasing  the  Reynolds  numher.  Fig. 7  shows  the 
photographs  taken  when  total  gas  flow  rates  are  increased.  As  total  gas  flow 
rales  are  increased,  the  cells  are  moved  outward. 


(c)  Total  gas  flow  rate=  1.9  1/min. 


(d)  Total  gas  flow  rate-  2.S  l/n 


[Tg.7  Flow  visualization  photographs  when  total  gas  flow 
rates  are  increased.  As  total  gas  flow  rates  arc  increased,  the 
cells  are  moved  outwaiJ. 
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Ihe  gas  flow  pattern  of  the  epitaxial  growth  conditions  which  are  100 
I'orr  and  3  slm  is  visualized  in  Fig.  8.  The  position  of  the  recirculating  cells 
are  moved  to  the  substrate  edge  and  good  epitaxial  growth  is  achieved  with  a 
good  uniform  film  thickness.  According  to  these  results,  three  times  the  total 
gas  flow  rate  will  be  necessary  to  move  the  recirculating  cells  outside  of  the 
2-inch  substrate. 


±5% 


-30  -20  -10  0  10  20  30 


Distance  (u) 


Fig. 8  The  distribution  profile  of  the  epitaxial  film  (lOOTorr. 
.3slm)  and  the  gas  flow  pattern.  The  position  of  the  recirculating 
cells  is  tnoved  to  the  substrate  edge.  As  a  result,  the  film  thickness 
uniformity  was  ±5%  distribution. 


Fig. 9  summarizes  the  relationship  between  the  total  flow  rates  (=  the 
Reynolds  number)  and  the  distance  of  the  two  recirculating  cells  (=  the  gas 
separations)  in  the  flow  visualization  model  chamber.  The  position  of  the  cells 
is  in  proportion  to  the  total  gas  flow  rates.  Thus  the  gas  flow  beha.ior  is 
strongly  influenced  bi  the  total  gas  flow  rates. 


Re  Number 
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CONCLUSION 

A  new  flow  visualization  method  has  been  developed  and  applied  to  study 
gas  flow  patterns  in  a  MOCVD  vertical  reactor.  Employing  this  method,  the 
vertical  cross  sections  of  detailed  gas  flow  patterns  on  the  susceptor  can  be 
observed  precisely,  clearly  and  furthermore  continuously  without  disturbing 
the  genuine  gas  stream.  In  this  study,  we  found  a  good  agreement  between  the 
film  thickness  distributions  and  the  gas  flow  patterns.  The  gas  flow 
separations  which  are  caused  by  the  recirculating  cells  are  moved  by  changing 
the  total  gas  flow  rates.  The  existence  of  these  separations  and  cells  prevent 
fresh  gas  being  supplied  to  the  substrate  and  consequently  epitaxial  growth  is 
not  well  done.  Thus,  the  total  gas  flow  rates  severely  affect  the  gas  flow 
patterns. 

This  flow  visualization  technique  is  of  wide  application  to  the  CVD 
process  in  the  region  of  being  governed  by  viscous  fluid.  It  might  be  a  useful 
tool  to  identify  the  mechanism  of  CVD  reactions  to  give  better  understanding 
about  carrier  gas  transport  and  thin  film  growth  for  wide  band  gap 
sem  iconductors. 
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ABSTRACT 

Vanadium  pcntoxide  (vanadia)  is  a  wide  band  gap  semiconductor.  Its  layered 
orthorhombic  structure  consists  of  alternating  sublayers  of  V+O  atoms  and  O  atoms  (vanadyl 
O)  alone  aligned  perpendicular  to  the  b-axis.  This  unique  structure  makes  vanadia  a  useful 
host  for  alkali  atom  intercalation  for  electrochromic  applications,  and  therefore,  an 
understanding  of  its  optieal  properties  is  important.  Here,  we  study  the  optical  absorption 
characteristics  of  vanadia  in  the  incident  photon  energy  range  E=2. 5-6.0  eV  (X=490-200 
nm).  The  material  is  in  the  form  of  0.  lp.m  thick  films  sputter  deposited  in  Ne/02  discharges. 
Two  types  of  films  were  studied:  single-oriented  films  with  the  b-axis  petpendtcular  to  the 
substrate,  and  amorphous  films  with  an  oxygen  deficiency.  The  optical  absorption 
coefficient,  a(E),  was  determined  and  interpreted  in  terms  of  the  structure  of  the  V  3d 
conduction  band.  Amorphous,  O-deficient  vanadia  were  examined  for  room  temperature 
aging  and  were  found  to  oxidize  and  increase  in  transmittance  in  the  photon  energy  range 
studied. 


INTRODUCTION 


Vanadia,  V2O5,  is  a  wide  band  gap  semiconductor  at  room  temperature.  It  crystallizes 
in  the  orthorhombic  crystal  structure  with  bulk  parameters  a=11.519  A,  b=4.373  A,  and 
c=3.564  A  [1-6].  The  crystal  structure  is  shown  in  Fig.  la  (7).  Perpendicular  to  the  b 
crystal  axis,  i.e.,  in  the  (010)  plane,  vanadia  has  a  layered  structure  consisting  of  alternating 
rows  of  V+O  atoms  and  O  atoms  alone.  In  vanadia,  a  central  V  atom  is  bonded  to  six  O 
atoms  in  a  distoned  octahedral  symmetry.  Four  O  atoms  are  coplanar,  a  fifth  O  lies  1 .59  A 
above  the  central  V  atom  and  is  referred  to  as  the  vanadyl  O,  and  a  sixth  O  atom  lies  2.78  A 
below  the  central  V.  Figure  lb  shows  the  local  atomic  arrangement.  Bonding  perpendicular 
to  the  layer  is  weak  because  of  the  large  seperation  between  a  central  V  atom  and  the  vanadyl 
O  of  an  adjacent  layer. 


A) 
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Fig.  1 :  a)  Perspective  drawing  of  llie  vanadia  lattice,  with 
small  circles  indicating  V  and  larger  circles  indicating  O 
(from  Ref.7‘J.  b)  The  local  arrangement  around  a  central  V 
atom  in  distorted  octahedral  coordination  with  six  O 
(Ov=vanadyl  O.  Oc  =chain  O,  Ob=bridgc  O] 


Interest  in  the  optical  properties  of  vanadia  originated  as  a  result  of  a  better 
understanding  of  the  catalytic  process  of  hydrocarbon  oxidation  [7-11].  The  oxygen 
molecule  dissociates  at  the  surface  of  nonstoichiometric  vanadia  by  trapping  an  oxygen  atom 
at  a  vacant  vanadyl  oxygen  site.  Opdcal-related  studies  showed  presence  of  a  broad  infrared 
band  centered  at  about  Ijtm,  the  intensity  of  which  increased  or  decreased  upon  reduction  or 
oxidation  of  vanadia  respectively  [9,11].  The  band  was  attributed  to  electronic  transitions 
within  occupied  3d  band  (i.e  3d* — >3d*). 


The  wide  interlayer  spacing  allows  intercalation  of  alkali  atoms  within  the  vandia 
lattice,  and  diat,  in  turn  resulted  in  the  interest  in  thin  films  of  vanadia  in  solid  state  batteries 
[12]  and  electrochromic  devices  for  smart  windows  [13-16].  Intercalation  and 
de-intercalation  are  associated  with  reduction  and  oxidation  of  the  material,  and  hence  the  IR 
band  in  thin  film  vanadia  has  repeatedly  been  investigated  [13,16,18].  However,  there  have 
been  few  studies  of  optical  behavior  at  energy  greater  than  the  band  gap,  i.e.  in  the  ultraviolet 
spectral  region,  which  is  the  subject  of  the  present  paper.  Aita  et  al.  [17-21]  have  been 
studying  the  effect  of  various  sputter  deposition  parameters  on  the  vanadia  films  structural 
and  optical  properties  grown  in  Ar/02  discharges. 

We  report  here  the  optical  properties  of  single  (010)  orientation  vanadia  and  amorphous 
vanadia  films  for  incident  photon  energy,  E=2.5-6.0eV  (wavelength  X=490-200  nm).  Films 
are  grown  by  radio  frequency  reactive  sputter  deposition  in  Ne/02  discharges.  The  effect  of 
using  Ne/02  discharges  on  the  films'  structural  properties  is  discussed  in  Ref.  27.  Optical 
absorption  characteristics  in  the  ultraviolet  region  are  related  to  the  structure  of  the  vanadia 
conduction  band.  The  effect  of  room  temperature  aging  of  the  amorphous  films  is  discussed 
in  terms  of  film  oxidation. 


EXPFRIMFiNT 


Film  Cirowlli 


A  liquirl  N2-cold  trapjicd,  hot-oil  diffusion  pumped,  rf-excited  planar  diode  sputter 
deposition  system  was  us^  to  grow  the  films.  The  target  was  a  12.7  cm  diam,  99.7%  V 
disc  Ixindcd  to  a  water-cooled  cathode.  The  substrates  were  pyrex  glass  slides  and  fused 
silica  placerl  on  a  wtitcr-cooled  Cu  anode.  Tlic  anixlc  cathode  spticing  was  .S  cm. 

The  chamber  w.as  evacuated  to  6.65  x  10  **  pa  (5x10’^  lorr)  lx;fore  backfilling  with 
sputtering  gas.  The  total  gas  pressure  was  itic.asurcd  with  a  capacitance  manometer  and  kept 
constant  at  1.33  Pa  (IxlO'^  torr).  99.999%  pure  Nc  and  99.997%  pure  O2  were  used. 
Each  component  was  introduced  separately  into  the  .sputtering  chamlicr.  Nc:02  ratios  were 
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established  using  an  MKS  Baratron  Series  260  control  system.  Model  25K  flow  tr:’.n.sdi!'’ers, 
and  Model  248A  solenoid  control  valves.  With  a  shutter  covering  the  substrates,  a  two-step 
pre-sputter  procedure  was  carried  out  in  which  the  target  was  sputtered  in  Ne  for  45  minutes, 
and  then  for  an  additional  45  minutes  in  the  Ne/02  gas  mixture  used  for  the  actual  deposition, 
after  which  the  shutter  was  opened.  Peak-to-peak  cathode  voltage,  V^,  was  -1.6  kV. 
Specific  deposition  conditions  are  recorded  in  Table  1. 

Ne  gas  was  used  as  the  sputtering  rare  gas  instead  of  the  commonly  used  Ar  for  several 
reasons.  A  well-known  characteristic  of  reactive  sputter  deposition  from  an  elemental  target 
is  that  compound  formation  at  the  target  surface  above  a  critical  reactive  gas  content,  for 
example  oxygen  content  [21-22].  In  that  'mode'  of  the  target,  the  flux  of  species  sputtered 
off  the  target  and  arriving  at  the  substrate  is  almost  totally  in  molecular  form.  It  is  also 
known  that  metastable  Ne  (Ne''’=  16.62  and  16.71  eV)  can  Penning  ionize  ground  state  O2 
molecules  (ionization  potential  Ej  =12.1  eV)  whereas  Ar  metastables  (At™  =1 1.55  and  1 1.72 

eV)  cannot  [23-25].  The  product  of  Penning  ionization  (Ne™  +  O2 - >  O2*  Ne°  -t-  le)  is 

a  positively-charged  oxygen  species  which  is  readily  attracted  to  the  negatively  biased  target, 
enhancing  target  oxidation.  The  target  surface  no  longer  getters  all  oxygen  from  the  plasma, 
making  it  available  for  reaction  with  metal  or  suboxide  species  at  the  substrate.  While  that 
property  of  Ne  is  unattractive  for  forming  metal  suboxides  by  reactive  sputtering,  it  is  very 
convenient  for  forming  high  valence  metal  oxides.  In  addition,  the  low  mass  of  Ne'*'  results 
in  a  lower  sputtering  yield  and  hence  lower  deposition  rate.  The  mobility  of  species  at  the 
substarte  is  not  only  temperature  dependent  but  also  time  dependent.  For  both  of  these 
reasons,  crystalline  growth  is  in  general  enhanced  (disordered  or  amorphous  growth  is 
minimized)  when  Ne  rather  than  Ar  is  used  as  the  rare  gas  component  of  the  discharge, 
aiding  at  the  formation  of  highly  orientated  uniepitaxial  films  (i.e.  polycrystalline  with  sharp 
fiber  texture)  [26-27]. 


Film  Characterization 


Film  thickness  was  determined  using  a  Tencor  Alpha  Step  Model  200  profilometer  to 
measure  the  height  of  a  step  produced  by  masking  a  region  of  the  substrate  during 
deposition.  Growth  rate  was  determined  by  dividing  thickness  by  deposition  time. 

Crystallography  was  determined  by  double-angle  x-ray  diffraction  (XRD)  using  Cu  Ka 
radiation  (X  =  1 .5418  A)  for  films  grown  on  glass  slides.  Peak  position  (2©),  intensity,  and 
full  width  at  one-half  of  the  maximum  intensity  (FWHM)  were  measured.  The  diffractometer 
was  calibrated  using  the  (01.1 )  diffraction  peak  of  a  quartz  standard  at  20=26.66+0.02° 
whose  width  is  0.25°.  The  interplanar  spacing,  d[hkl)  was  calculated  using  the  Bragg 
equation  for  n'*'  order  diffraction:  d(hkl)=nA/2sin@. 

A  Perkin-Elmer  Model  330  UV-Visible-Near  IR  double  beam  spectrophotometer  with  a 
specular  reflechon  attachment  was  used  to  measure  the  transmittance  and  reflection  of  near 
normal  incidence  radiation  in  the  2(X)-650  nm  range  for  films  on  fused  silica.  Measurements 
were  performed  immediately  after  deposition  and  then  again  after  a  period  of  nine  months.  In 
the  transmittance  regime,  a  bare  fused  silica  substrate  was  placed  in  the  path  of  the  reference 
beam  so  that  the  recorded  transmittance  is  due  to  the  transmission  through  the  film  alone. 
Reflectance  measurements  were  made  relative  to  an  A1  mirror.  No  sample  was  placed  in  the 
reference  beam  path.  In  the  energy  region  studied  here,  which  is  near  and  above  the  band 
gap,  the  film  is  highly  absorbing  so  that  reflection  of  the  incident  beam  at  the  film-substrate 
interface  is  minimized,  thus  allowing  the  useof  Eq.  (I)  for  absorption  coefficient  calculations 
|28]: 


T=[(  1  -R)2  exp(-ax)|/|  1  -R2exp(-2ax)l.  ( 1 ) 

T  is  tran.smiitance,  R  is  reflectance,  x  is  film  thickness,  and  a  is  the  absorption  coefficient 
calculated  as  a  function  of  wavelength. 


RESULTS 


Film  thickness,  growth  rate,  and  x-ray  diffraction  results  are  given  in  Table  I.  Films 
that  showed  no  x-ray  diffraction  peaks  were  green  in  color  and  arc  referred  to  here  as 
amorphous  vanadia  .  Crystalline  films  showed  two  x-ray  diffraction  peaks  attributed  to  first 
and  second  order  diffraction  of  (010)  planes  of  orthorhombic  vanadia. 

Table  I;  Film  designation,  sputtering  gas  O2  content  (%0^,  film  thickness  (T).  growth  rate 
(G),  crystal  structure  (CS),  and  interlayer  spacing  (B). 


Film 

%02 

T(A) 

G(A  /min) 

CS 

B(A) 

A 

2 

1300 

11 

Amorphous 

— 

B 

4 

840 

14 

Arrxrrphous 

~ 

C 

10 

890 

7 

(010)  ortho¬ 
rhombic 

4.405 

D 

25 

1300 

11 

(010)  ortho¬ 
rhombic 

4.398 

Figure  2  shows  the  absorption  coefficient  calculated  using  Eq.  1  as  a  function  of 
incident  photon  energy  for  Films  A,  C,  and  D.  The  transnrittance  through  as-deposited 
amorphous  Films  A  and  B  is  compared  to  that  after  a  period  of  nine  months  of  aging  to  test 
for  film  stability.  The  results  are  shown  in  Fig.  3. 


hv,  eV 


Fig.  2:  Absorption  coefficient  as  a  function  of  incident  photon  energy  for  crystalline 
vanadia  Film  C  (+)  and  Film  D  (x)  and  amorphous  vanadia  Film  A  (o). 
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Fig.3:  Transmittance  through  Film  A  (+),  and  Film  B  (o)  in  as  deposited  state.  In  the 
aged  state.  Films  A  and  B  are  designated  by  (  x  )  and  (*  )  respectively. 


DISCUSSION 


Vanadia  films  grown  in  discharges  of  O2  content  greater  than  4%  and  at  cathode 
voltage  of  1.6kV  had  a  solely  <010>  orientation,  i.e  the  films  arc  uniepitaxial,  with  the  b 
axis  lying  perpendicular  to  the  substrate.  The  interlayer  spacing  was  always  greater  than  the 
bulk  value  (4.373A).  No  long  range  order  was  detected  in  films  grown  in  O2  content  less 
than  4%.  It  was  previously  reported  that  the  critical  O2  content  needed  to  produce  crystalline 
vanadia  in  Ne/02  discharges  decreased  with  increasing  cathode  voltage  127],  and  is  less  than 
the  critical  O2  content  found  in  Ar/02  discharges  at  1.6  kV,  consistent  with  the  previous 
discussion  of  Penning  ionization  of  O2. 

A  comparison  of  the  absorption  behavior  of  crystalline  vanadia  Films  C  and  D  and 
amorphous  vanadia  Film  A  in  Fig.  2  reveals  two  main  differences: 

1)  an  absorption  band  with  an  onset  at  2.5  eV  and  centered  at  3.2  eV  present  only  in 
crystalline  vanadia,  followed  by  another  broader  band,  the  onset  of  which  is  at  3.8  eV. 

2)  a  shift  in  the  absorption  edge  for  hv  >  2.8  eV  toward  higher  energy  in  amorphous 
vanadia . 

The  structure  of  the  optical  absorption  curve  of  crystalline  vanadia  can  be  explained  as 
follows.  The  valance  band  in  vanadia  has  an  O  2p  nature.  The  conduction  band  consists  of 
two  split-off  V  3d  bands,  a  feature  characteristic  of  the  symmetry  of  crystalline  vanadia.  The 
lower  V  3d  band  was  first  calculated  by  Bullet  to  be  0.4  eV  wide,  and  .separated  by  0.3  cV 
from  the  upper  and  broader  V  3d  band  [291.  The  onset  of  absorption  at  2.5  eV  is  therefore 
attributed  to  electronic  transitions  from  the  O  2p  to  the  lower  V  3d  band.  The  broader,  higher 
energy  band  whose  onset  is  3.8  eV,  is  attribute  to  transitions  from  the  O  2p  to  the  upper  V 
3d  band.  The  first  spectroscopic  measurements  on  single  crystal  V2O5  to  reveal  such  a  band 
structure  was  performed  by  Mokerov  et  al.  (301.  In  the  real  part,  n,  and  imaginary  part,  k,  of 
the  complex  refractive  index,  a  band  with  a  maximum  at  2.5  eV  and  0.4  eV  wide,  followed 
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by  a  stronger  band  centered  at  2.92  eV  for  polarized  light  with  E  II  a,  and  at  3. 15  eV  for  E  II 
c  was  reported. 

The  split-off  V  3d  bands  lose  resolution  in  as-deposited  amorphous  vanadia  films, 
accompanied  by  a  shift  in  the  absorption  edge  to  higher  energy.  The  latter  effect  has 
previously  been  observed  to  occur  in  nanocrystalline  vanadia  thin  films  after  Li'*'  intercalation 
to  produce  sites  (16),  consistent  with  the  substoichiometric  nature  of  the  amorphous 
films.  Ciystalline  films  do  not  age  at  room  temperature,  whereas  amorphous  films  do.  We 
attribute  this  aging  to  oxidation  which  annhilates  defects.  A  similar  result  was 
previously  reported  for  substoichiometric  vanadia  on  sapphire  [17]. 
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ABSTRACT 

Reactive  sputter  deposition  is  a  xiidely-used  process  for  growing  films  of  high  melting 
point  materials  near  room  temperature  and  desirable  metastable  structures  not  attainable  in 
material  grown  under  conditions  of  thermodynamic  equilibrium.  Both  categories  include  wide 
band-gap  metal  oxides.  A  first  step  towards  reproducible  growth  is  to  develop  a  "phase  map" 
for  the  metal-oxygen  system  of  interest.  The  map  graphically  relates  independent  sputter 
deposition  process  parameters,  the  growth  environment,  and  the  metallurgical  phase(s)  formed 
in  the  film.  This  paper  shows  how  phase  maps  are  constructed  and  used  to  observe  general 
trends  in  oxide  phase  formation  sequence,  with  examples  from  the  Nb-O,  Y-0,  and  Zr-O 
systems. 


INTRODUCnON 

In  this  study,  metal  oxide  films  were  grown  on  unheated  substrates  by  sputtering  a  metal 
target  in  radio  frequency  (ifl-excited  rare  gas-02  discharges.  Optical  emission  spectrometry 
was  used  for  in  situ  sputtering  discharge  diagnostics.  Characterization  for  metallurgical  phase 
identification  included  x-ray  diffraction,  infrared  absorption,  Rutherford  backscattering,  optical 
spectrophotometry,  and  electrical  resistivity  measurements.  From  these  data,  a  "phase  map” 
was  constructed,  interrelating  independent  process  parameters,  the  growth  environment,  and 
metallurgical  phases  present  in  the  films. 

Sputter  deposition  is  governed  by  kinetics.  The  process  parameters  onto  which  phase 
regions  and  growth  environment  characteristics  are  mapped  are  not  analogous  to  the  thermo¬ 
dynamic  variables  used  to  describe  overlayers  [  1 1.  The  scientific  motivation  for  constructing  a 
phase  map  is  to  understand  the  phase  formation  sequence  in  terms  of  a  changing  growth 
environment  -  a  first  step  towards  modeling  metal  oxide  growth  by  reactive  sputter  deposition. 
An  important  technological  outcome  is  that  another  investigator,  using  the  information  about 
the  equivalence  of  process  parameters  shown  on  the  phase  map,  can  make  eoucated  decisions 
when  designing  an  experiment  to  obtain  .specific  film  properties,  even  when  no  means  of  in  situ 
discharge  diagnostics  is  available. 

Sputter  deposition  is  a  low  pressure,  glow  discharge  process  carried  out  in  a  set-up 
shown  in  Fig.  1  (2).  The  high  negative  cathode  potential  drops  to  ground  across  the  Crookes 
dark  space.  The  potential  rises  in  the  plasma  to  a  small  positive  value.  The  anode  surface 
floats  at  a  small  negative  potential.  Positive  ions  from  the  plasma  accelerate  across  the 
Crookes  dark  space  and  strike  the  target  surface.  Material  is  ejected  (sputtered)  by  momentum 
transfer.  Most  of  the  ejected  target  species  are  uncharged,  move  randomly  between  the 
electrodes,  become  thermalized,  and  condense  on  any  surface  in  their  path,  i.e.  the  substrate. 
A  metal  oxide  film  is  grown  here  by  sputtering  a  metal  target  in  a  rare  gas-02  discharge.  For  a 
fixed  machine  geometry,  independent  process  parameters  include  total  gas  pressure,  nominal 
sputtering  gas  O2  content,  rare  gas  type,  and  cathode  voltage.  Combinations  of  these 
parameters  determine  deposition  rate,  if  power,  and  substrate  surface  temperature. 

A  continuous  oxide  layer  forms  at  the  target  surface  once  the  nominal  gas  O2  content 
exceeds  a  critical  value,  O2*.  For  O2  >  O2*,  the  target  material  effectively  being  bombarded  is 
an  oxide.  O2*  strongly  depends  on  cathode  voltage  and  rare  gas  type.  For  a  given  rare  gas 
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type  and  cathcxie  voltage,  there  is  another  important  value  of  gas  Ot  content,  O2**,  at  which 
oxygen  species  first  appear  in  the  plasma  and  are  available  for  reaction  at  the  substrate.  At 
O2**,  the  target  surface  is  no  longer  able  to  getter  all  oxygen  from  the  plasma.  Metal  oxide 
molecules  can  be  sputtered  intact  from  the  target  surface.  However,  the  sputtering  process  can 
also  dissociate  the  target  surface  oxide.  Therefore,  for  any  set  of  process  parameters,  the 
sputtered  flux  can  consist  of  both  metal  atoms  and  metal  oxide  molecules.  Three  questions 
will  be  addressed  below:  1)  what  pha.ses  are  present  in  the  films;  2)  what  is  the  nature  of  the 
sputtered  flux  as  a  function  of  process  parameter;  3)  how  is  the  phase  formation  sequence 
affected  by  the  nature  of  the  sputtered  flux  and  the  availability  of  oxygen? 


EXPERIMENTAL 

Films  were  grown  in  an  rf  diode  apparatus  operated  at  1 3.56  Mhz  by  sputtering  a  1 3-cm 
diam,  metal  (M=Nb,Y,Zr)  target  bonded  to  a  water-cooled  Cu  cathode  1 3- 10].  Suprasil  fused 
silica,  <1 1  l>-cut  Si,  and  carbon  foil  substrates  were  placed  on  a  water-cooled  M-coated  Cu 
pallet  covering  the  anode.  The  anode-cathode  spacing  was  6  cm.  The  sputtering  gas,  O2 
(99.99%)  and  a  rare  gas,  Ne  (99.996%),  Ar  (9o.999%),  or  Kr  (99.9995%)  was  at  a  total 
pressure  of  0.01  Torr.  Cathode  voltage,  sputtering  gas  O2  content,  and  rare  gas  type  were 
varied. 

Optical  emission  spectrometry  was  used  for  in  situ  discharge  diagnostics  [11]. 
Radiation  of  wavelength  X  emitted  between  the  anode  and  cathode  was  sampled  through  an 
optical  window,  as  shown  in  Fig.  1.  The  optical  emission  intensity,  1(X),  of  radiative 
electronic  transitions  of  excited  neutral  metal  atoms  to  ground  stale  112]  were  monitored  at  the 
following  wavelengths:  for  Nb,  X-  4059,  4101,  5079,  and  5344  A;  for  Y,  X=3621,  4128, 
4143,  4236,  6191,  and  6793A;  for  Zr,  X=3520,  3548,  and  3601  A.  Applying  the  condition 
of  an  optically  thin  plasma  in  local  thermal  equilibrium,  1(X)  is  proportional  to  the  number  of 
ground  state  M  atoms  in  the  discharge  [13|.  In  addition,  emission  from  excited  neutral  O 
atoms  was  monitored,  at  3.=5331,  6157,  7772-5  A  (14,15).  For  a  given  rare  gas  type  and 
cathode  voltage,  these  data  were  used  to  directly  determine:  1)  the  gas  O2  content  at  which  a 
continuous  oxide  layer  formed  at  the  target  surface,  i.e.  O2*  ll(X)  from  M  atoms  disappears  or 
sharply  deceases],  and  2)  the  inability  of  the  oxidized  target  surface  to  getter  all  oxygen  from 
the  plasma,  i.e.  O2**  (  l(X)  from  O  atoms  appears). 

Furthermore,  assuming  unity  sticking  coefficient,  the  fractional  flux  of  M  atoms,  f(M). 
and  M-oxide  molecules,  f(M-oxide),  incident  on  the  substrate  during  deposition  were 
calculated  from  the  following  equations  (3|: 

f(M)=(Rel.r(X)/(G'p(M-oxide)s/p(M)s) )  (1) 

f(M-oxidc)=  1  -  ( Rel  .I(X)/|G’p(M-oxide)s/p(M)s] ) ,  (2) 

where  f(M)+f(M-oxide)=l.  G'  is  growth  rale  relative  to  its  value  in  a  pure  rare  gas  discharge 
operated  at  the  same  cathode  voltage,  and  p(M-oxide)s/p(M)s  is  the  bulk  atomic  density  of  the 
condensed  M-oxide  pha.se  relative  the  density  of  the  pure  metal  phase.  The  exact  fonn  of  the 
gas  phase  M-oxide(s)  species  is  unknown,  but  mass  .spectrometry  data  12]  show  that  for  many 
oxide  .systems,  the  prevalent  form  is  the  metal  monoxide,  MO. 


Fig.  1 :  An  rf  diode  sputter 
deposition  set-up. 


CAS 

INLETS 


Post-deposition,  film  thickness  was  measured  with  a  profilometer  from  a  step  produced 
by  masking  part  of  the  substrate  during  deposition.  Growth  rate  was  determined  by  dividing 
thickness  by  length  of  deposition.  Crystallography  was  determined  by  double-angle  x-ray 
diffraction  (XRD).  Ruth^ord  backscattering  spectrometry  (RBS)  was  used  to  measure  the 
M:0  atomic  concentration.  Fast-fourier  transform  infrared  spectrometry  was  used  to  determine 
optical  absorption  due  to  lattice  vibrations,  yielding  data  about  short  range  M-O  atomic  order. 
Resistivity  was  measured  with  a  four  point  probe.  Optical  transmission  and  reflection  were 
measured  by  double-beam  spectrophotometry  as  a  function  of  incident  photon  wavelength. 
The  refractive  index  and  the  optical  absorption  coefficient  was  determined  from  these 
measurements.  The  optical  absorption  edge  structure  is  related  to  the  joint  density  of  electronic 
states  near  the  valence  and  conduction  band  edges,  which  is  sensitive  to  structural  and  chemical 
disorder. 


PHASE  MAPS 

To  construct  a  phase  map,  first,  metallurgical  phase  boundaries  are  graphed  onto  process 
parameter  space.  The  process  parameter-phase  diagram  is  then  overlay^  with  values  of  the 
growth  environment  parameters  which  are:  1)  the  fractional  M  or  M-oxide  flux  to  the 
substrate,  2)  formation  of  a  continuous  target  surface  oxide  layer,  i.e.  at  O2*  ,  and  3)  the 
appearance  of  oxygen  in  the  plasma  available  for  reaction  at  the  substrate,  either  with  M  metal 
or  with  a  suboxide,  i.e.  at  O2**. 

Figures  2-4  show  the  phases  present  in  Nb-O,  Y-O,  and  Zr-O  films  graphed  onto 
process  parameter  space.  These  figures  were  developed  on  the  basis  of  XRD,  RBS,  IR  and 
optical  spectrometry,  and  electrical  measurements.  See  Refs.  3-10  for  specific  values  of  film 
properties.  Values  of  f(M)  and  f(M-oxide)  calculated  from  Eqs.(l-2),  as  well  as  the  position  of 
O2*  and  O2**  are  shown  on  Figs  2-4. 

The  pha.se  formation  sequence  in  the  stable,  bulk,  room  temperature  Nb-O  system  is  as 
follows:  Nb  (bcc)-»NbO  (fee,  NaCl  sirueture)-»Nb02  (tetragonal)-»Nb205.x  with  0<x<0.2 
(related  forms  collectively  called  "niobia",  based  on  building  blocks  of  the  ReO^-type  lattice) 
( 16|,  Figure  2  shows  that  bcc  Nb,  NbO,  Nb02,  and  crystalline  niobia  phases  are  also  formed 
in  sputter  deposited  films.  Nb  films  have  a  strong  preferred  or  sole  1110)  orientation.  Ar-02 
discharges  produce  Nb-sNbO  and  Nb0-rNb02  biphasic  structures.  Individual  metal  and/or 
suboxide  XRD  peaks  are  not  resolvable  in  films  grown  in  Kr-02  discharges;  these  structures 
are  denoted  "Nb-suboxide".  Crystalline  niobia  forms  only  when  a  high  cathode  voltage, 
Ne-50%  O2  discharge  is  used.  Throughout  most  of  the  niobia  phase  field,  films  have  no  long 
range  crystallographic  order,  and  are  called  "a-niobia".  All  crystalline  and  a-niobia  films  are 
transparent  and  insulating  (3,4|.  In  addition,  an  amorphous,  .semitransparent  phase, 
"x-niobia",  with  a  finite  resistivity  but  with  an  IR  absorption  spectrum  that  has  a  strong 
a-niobia  component,  is  sometimes  formed  at  the  Nb-suboxide/a-niobia  phase  boundary. 

The  growth  environment  and  Nb-O  phase  formation  are  related  as  follows: 

1)  a-  and  crystalline  niobia  are  formed  when  f(Nb-oxide)  is  large  (often  unity)  and  the 
target  surface  is  oxidized,  thereby  unable  to  getter  all  oxygen  from  the  discharge,  making  it 
available  for  reaction  at  the  substrate. 

2)  Nb,  Nb-suboxides,  and  biphasic  structures  are  formed  when  f(Nb)  is  large  and  the 
target  surface  is  not  fully  oxidized,  thereby  able  to  getter  oxygen  from  the  discharge,  making  it 
unavailable  for  reaction  at  the  substrate.  Phase  separation,  the  type  of  growth  expected  under 
theromdynamic  equilibrium  conditions  occurs  in  Ar-02  and  is  absent  in  Kr-02  discharges. 
f(Nb)  is  larger  when  Kr  rather  than  Ar  is  used.  To  form  a  well-ordered  suboxide  phase  (NbO 
or  Nb02),  these  free  Nb  atoms  must  react  with  oxygen  before  their  surface  mobility  is 
quenched  by  the  subsequent  arriving  flux.  There  is  always  an  overpressure  of  neutral  rare  gas 
atoms  on  the  substrate,  characteristic  of  the  sputter  deposition  environment.  Kr,  with  an 
atomic  diameter  of  2.06  A,  compared  to  Ar,  with  a  diameter  of  1.76  A,  is  more  effective  at 
blocking  the  diffusion  of  a  Nb  or  oxygen  species  along  the  substrate.  In  other  words,  more 
Nb  atoms  must  react  at  the  substrate  and  more  severe  limitations  on  their  surface  mobility 
make  it  more  difficult  for  these  atoms  to  find  a  reaction  partner  when  Kr,  rather  than  Ar  is 
used.  The  deposition  rate  in  Kr-02  ^nd  Ar-02  is  approximately  the  same  for  a  given  set  of 
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process  parameters  |4|,  hence  the  rate  of  arriving  flux  capable  of  quenching  a  reaction,  is  not  a 
factor. 

3)  x-niobia  forms  when  f(Nb-oxide)  is  large,  the  target  surface  is  oxidized,  but  no 
oxygen  is  available  for  reaction  at  the  substrate.  As  in  the  case  of  ZrO  discussed  below,  this 
initially-formed  target  surface  oxide  (for  example,  NbO)  may  getter  oxygen  from  the  discharge. 
The  result  is  a  deficit  in  the  amount  of  oxygen  requited  to  complete  oxidation  at  the  substrate  to 
form  a-niobia. 

There  are  two  stable  STP  phases  of  the  bulk  Y-O  system:  hep  Y  and  Y2O3  with  a  bcc 
bixbyite  structure  (c-yttria)  [17],  Figure  3  shows  that  only  these  two  phases  are  present  in 
films  sputter  deposited  in  Ar-02  discharges,  with  c-yttria  having  a  sole  {111)  orientation  over 
much  of  the  yttria  phase  field.  Two  additional  phases  with  no  long  range  crystallographic 
order  detectable  by  XRD  form  in  films  grown  in  Ne-02  discharges;  metallic  a- Y  and  insulating 
a-yttria.  The  IR  absorption  spectrum  of  a- yttria  (10)  is  the  same  as  that  of  bulk  c-yttria 
[18,19],  indicating  that  the  average  Y-O  short  range  order  is  the  same. 

The  growth  environment  and  Y-O  phase  formation  are  related  as  follows: 

1)  Y  films  are  grown  from  a  high  Y  flux  and  a  target  whose  surface  does  not  have  a 
continuous  oxide  layer. 

2)  Yttria  films  are  grown  from  an  oxidized  target  surface.  However,  in  contrast  to  the 
Nb-O  system,  it  can  be  seen  from  Fig.  3a  that  an  oxidized  target  surface  is  associated  with  a 
large  Y,  as  well  as  a  large  Y-oxide  flux.  Although  both  conditions  produce  c-yttria,  important 
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differences  occur  in  the  shape  of  the  fundamental  optical  absorption  edge  18-10).  A  large 
Y-oxide  flux  results  in  c-yttria  whose  optical  absorption  edge  consists  of  two  direct  interband 
transitions  (at  5.07  and  5.73  eV)  in  agreement  with  bulk  single  crystal  data  121 J  and  a  recent 
theoretical  calculation  [22).  A  large  atomic  Y  flux  results  in  c-yttria  with  a  "disordered"  optical 
absorption  edge,  i.e.  the  two  direct  transitions  cannot  be  resolved.  We  proposed  1 10]  that  this 
optical  disorder  arises  from  a  disorder  in  the  placement  of  Y  at  its  two  nonequivalcnt  positions 
within  the  yttria  unit  cell  ( I7J. 

3)  A  Y  target  sputtered  in  Ne->2%  O2  discharges  has  a  completely  oxidized  surface. 
However,  dissociation  of  the  sputtered  Y-oxide  molecule  in  the  plasma  volume  results  in  a 
large  Y  flux  to  the  substrate  (8).  However,  local  thermal  equilibrium  does  not  hold,  and  so 
Eqs.  (1-2)  cannot  be  used  to  c^culate  f(Y).  Films  grown  in  Ne-02  discharges  are  c-yttria  with 
a  disordered  fundamental  optical  absorption  edge  or  a-yttria. 

There  are  two  stable  STP  phases  of  the  bulk  Zr-O  system;  hep  Zr  and  monoclinic  (m-) 
Zr02  [23].  Fig.  4  shows  that  in  general,  the  following  phase  sequence  occurs  in  sputter 
deposited  films:  hep  Zr— >  ZtO— »a-Zr02-+m-ti-Zf02— >m-Zr02.  Zirconia  (Zr02)  takes  three 
forms;  1)  monoclinic  (m-)  zirconia  witii  a  single  {UT}  orientation  parallel  to  the  substrate 
plane,  2)  a  mixture  of  m- zirconia  and  tetragonal  (1-)  zirconia,  a  high  temperature  polymorph, 
and  3)  a-zirconia  with  no  long  range  order  detectable  by  XRD.  rn-  and  i-zirconia  coexist  in 
bulk  material  when  the  crystallite  diameter  is  small,  a  consequence  of  the  dominance  of  the 
surface  energy  contribution  to  the  Gibbs  free  energy  of  formation.  The  critical  diameter  below 
which  1- zirconia  is  stabilized  in  the  films  is  -130  A  [6,7],  in  good  agreement  with  bulk 
nanocrystalline  zirconia. 

Growth  environment  data  was  taken  only  for  - 1 .9  kV  discharges.  That  data  show  that 
f(Zr-oxide)  is  large  for  gas  O2  content  2  2%  for  all  rare  gas  types  and  cathode  voltage.  Unlike 
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Fig.  3:  A  phase  map  for  the  Y-O  system.  Rare  gas:  a)  Ar,  b)  Nc. - 02*=02**. 
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yttria  formation  in  the  Y-O  system,  a  high  Zr-oxide  flux  to  the  substrate  is  not  only  associated 
with  zirconia  formation,  but  with  ZtO  and  Zr  doped  with  O  as  well.  Furthermore,  similar  to 
the  Nb-O  system,  O2*  and  O2**  are  not  always  coincident.  '.Ve  proposed  that  the  first 
oxide  to  be  formed  at  the  target,  and  sputtered  intact,  is  ZiO  (at  O2*).  Not  until  Z1O2  is  formed 
at  the  target  surface  and  the  target  no  longer  getters  all  oxygen  from  the  plasma  'at  O2**)  is 
Z1O2  formed  in  the  film. 


SUMMARY  AND  CONCLUSIONS 

Phase  maps  for  sputter  deposited  M-oxides  (M=Nb,  Y,  Zr)  in  the  growth  regime  of  near 
room  temperature,  low  surface  diffusion,  and  unity  sticking  coefficient  are  nresented  above. 
We  conclude: 

1)  A  high  M-oxide  fractional  flux  and  oxygen  i"  the  plasma  available  for  reaction  at  the 
substrate  results  in  high  valency  oxide  growth  (niobia,  yttria,  zirconia). 

2)  A  high  M  fractional  flux  and  oxygen  in  the  plasma  available  for  reaction  at  the 
substrate  also  produces  a  high  valency  oxide,  but  with  possible  subtle  structural  disorder, 
evidenced  by  disorder  in  the  joint  density  of  electronic  states  near  the  valence  and  conduction 
band  edges  [yttria]. 

3)  A  high  M-oxide  fractional  flux  but  no  oxygen  in  the  plasma  available  for  reaction  at 
the  substrate  results  in  oxygen-doped  metal  [ZifO))  and  suboxide  [x-niobia.  ZrO)  growth. 

4)  A  low  M-oxide  fractional  flux  and  no  oxygen  in  the  plasma  available  for  reaction  at 
the  substrate  results  in  oxygen-doped  metal  and  suboxide  (NbO,  Nb02,  Nb-suboxide)  growth. 


This  work  was  supported  under  US  ARO  Grant  No.  DAAL-03-89-K-0()22  and  by  a  gift 
from  Johnson  Controls,  Inc.  to  the  Wisconsin  Distinguished  Professorship  of  CRA. 
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ABSTRACT 


Boron  doped  zinc  oxide  films  have  been  successfully  deposited  from  a  gas  mixture  of  0.059/ 
diethyl  zinc,  2.3%  ethanol  and  various  diborane  concentrations  in  the  temperature  range  3(X)‘’C  to 
430'’C  in  an  atmospheric  pressure  chemical  vapor  deposition  reactor.  The  dopant  diborane  was 
found  to  decrea.te  the  film  growth  rate.  The  crystallite  sizes  of  doped  films  were  smaller  than  those 
of  undoped  films.  Hall  coefficient  and  resistance  measurements  at  room  temperatures  gave 
conductivities  between  250  and  17(X)  Q-i,  electron  densities  between  1.4x1070  and  6.7x1070  cm-\ 
and  mobilities  between  7  and  23  cm2/V-s.  Optical  measurements  showed  that  a  film  with  a  sheet 
resistance  of  8.8  O/square  has  an  average  visible  ab.sorption  of  about  8%  and  maximum  infrared 
reflectance  close  to  85%.  The  ratio  of  conductivity  to  absorption  coefficient  is  between  0.05  O- 1 
and  0.55  Q  f  The  band  gap  of  doped  film  was  widened  and  followed  the  Burstein-Moss  relation. 


INTRODUCTION 


Highly  conductive  and  transparent  zinc  oxide  films  have  recently  been  studied  extensively 
because  of  their  potential  applications  in  liquid  crystal  displays,  energy-e'Ticient  windows  and  solar 
cell  technology  11-31.  The  most  common  transparent  and  conductive  oxide  films  in  use  are  indium 
tin  oxide  and  fluorine  doped  tin  oxide  films.  The  fabrication  process  of  optoelectronic  devices 
such  as  amorphous  silicon  solar  cells  uses  plasma-enhanced  chemical  vapor  deposition  to  deposit 
an  u-Si:H  film.  In  this  deposition  process,  the  oxide  films  must  be  exposed  to  a  hydrogen  plasma, 
which  will  reduce  the  oxide  to  metals,  resulting  in  a  loss  of  transnarency  in  the  visible  region  141, 
This  degradation  process  occurs  even  at  low  temperature  and  low  plasma  power  density  15|.  Zinc 
oxide  films,  however,  are  more  able  than  indium  tin  oxide  and  fluorine  doped  tin  oxide  films  in 
the  presence  of  a  hydrogen  plasma  15|.  Zinc  is  also  cheaper  than  indium  or  tin.  Therefore,  it  may 
be  advantageous  to  use  ..ighly  conductive  and  tran.spareni  zinc  oxide  films  rather  than  indium  tin 
oxide  or  fluorine  doped  tin  oxide  films  in  the  mass  production  of  low  cost  optoelectronic  devices 
such  as  photovoltaic  cells. 

Zinc  oxide  is  an  n-type  semiconductor  and  has  a  band  gap  about  3.2  eV.  Pure  zinc  oxide 
film  has  high  visible  transmittance  and  also  high  resistivity.  Although  non-stoichiometric  zinc 
oxide  fi'ms  can  be  made  to  be  both  highly  transparent  and  highly  condu,  ,ive,  they  are  not  very' 
stable  at  high  temperatures.  Doped  zinc  oxide  films,  on  the  other  hand,  can  be  made  to  have  very- 
stable  electrical  and  optical  properties.  Zinc  oxide  films  doped  with  fluorine  |6,  7).  boron  ISj, 
aluminum  1 1, 5|,  gallium  |9|  and  indium  1 1()|  have  high  dc  conductivity,  high  visible  ti.insmittance 
and  high  infrared  reflectance. 

The  deposition  of  zinc  oxide  films  t-as  been  achieved  by  metalorganic  chemical  vapor 
deposition  (MOCVD),  rf  magnetron  sputtering,  reactive  sputtering,  ion  beam  sputtering,  and  spray 
pyrolysis.  Metalorganic  chemical  vapor  deposition  is  e.speciaily  useful  for  large  scale  coatings  at 
high  growth  rates.  The  most  commonly  u:  ed  organometallic  zinc  precursors  are  diethyl  zinc 
(DEZ)  |6,  111  and  dimethyl  zinc  tDMZ)  17,  121.  The  oxiduiu can  be  pure  oxygen,  water,  alcoi.ol 
or  even  some  oxygen-containing  cyclic  compound  such  as  tetrahydrofuran.  Since  the  reaction 
between  oxygen  and  diethyl  zinc  is  fast  and  the  upstream  reaction  in  a  How  reactor  makes  film 
cover  only  very  small  areas,  it  is  impractical  to  use  pure  oxygen  to  react  with  diethyl  zinc  to  deposit 
zinc  oxide  films  over  large  areas.  The  reaction  '..ctween  diethyl  zinc  and  alcohol  depends  on  the 
alcohol  used  and  on  the  deposition  temperature;  gcxrd  film  coverage  on  the  substrate  can  be 
obtained  by  chtxrsing  different  alcohols  at  different  deposition  temperatures. 
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In  this  paper  we  report  the  deposition  of  boron  doped  zinc  oxide  films  from  diethyl  zinc, 
ethanol  and  diborane  in  an  atmospheric  pressure  chemical  vapor  deposition  reactor.  Also 
discussed  is  the  influence  of  the  dopant  concentration  and  deposition  temperature  on  the  film 
growth  rate,  structure,  electrical  and  optical  properties. 


liXPnRI.VIENTAl. 


Zinc  oxide  deposition  was  carried  out  in  an  atmospheric  pressure  laminar  flow  rectangular 
nickel  reactor  which  has  been  described  previously  |6|.  High  purity  helium  was  used  as  the  carrier 
gas  for  both  diethyl  zinc  and  ethanol.  The  dopant  was  2.1%  diborane  in  high  purity  helium.  .Small 
timounts  of  water  in  the  elhtinol  were  removed  by  distillation  from  magnesium  turnings.  The  DEZ 
bubbler  temperature  was  maintained  at  25°C  and  the  DEZ  vapor  pressure  at  this  temperature  is 
about  16. Itorr.  Diborane  was  mixed  with  DEZ  and  this  mixture  was  diluted  by  helium  before 
flowing  into  the  reactor.  The  ethanol  bubbler  was  kept  in  an  oven  at  .‘)0°C  to  obtain  a  high  vapor 
pressure  of  214  torr.  The  total  gas  How  rate  was  12.0  l/min  through  a  cross  section  of  0.6x12.0 
eml.  The  reaetoi  was  heated  from  the  bottom  by  a  hot  plate  and  its  temperature  was  determined  hs 
thermocouples  inserted  in  holes  in  the  side  of  the  reactor.  The  reactor  nozzle  was  insulated  from 
the  heated  block  by  a  coid  zone  of  width  3.5  cm  and  its  temperature  was  maintained  at  abou:  150X 
lower  than  that  of  the  central  part  of  the  reactor.  This  cold  zone  ensures  the  establishment  of 
laminar  flow  before  the  gas  reaches  the  substrate.  The  soda  lime  glass  substrates  were  cleaned 
with  a  low  sodium  detergent  and  then  rinsed  with  deionized  water. 

The  film  thickness  was  determined  mainly  with  an  Alpha-Step  2(X)  profilometer  and  a 
Metricon  PC-20()()  prism  coupler.  The  sheet  resistance  R  was  measured  with  a  Veeco  FPP-lOO 
Four  Point  Probe.  Assuming  that  the  film  was  homogeneous  in  the  direction  perpendicular  to  the 
substrate  plane,  the  film  bulk  resistivity  p  follows  the  simple  relation  p=Rt,  where  t  is  the  film 
thickness.  To  measure  Hall  coefficients,  the  film  was  covered  by  a  Scotch  tape  0.5  inch  wide  and 
the  remainder  of  the  film  was  etched  away  by  immersing  the  sample  into  4  M  hydrochloric  acid. 
The  transverse  voltage  in  the  presence  of  a  dc  current  was  measured  in  a  constant  perpendicular 
magnetic  field  by  using  a  Varian  V-2?(K)-A  electric  magnet,  which  was  calibrated  by  a  Gaussmetcr 
to  have  an  intensity  of  10.0  kG.  The  measurement  was  repeated  after  reversing  the  direction  of 
magnetic  field.  These  two  measurements  usually  gave  voltages  with  very  simihar  magnitudes  and 
opposite  sign,  indicating  that  the  hysteresis  effect  was  negligible.  Zinc  oxide  crystallite  sizes  were 
obtained  with  a  JEOL  JSM-64(K)  scanning  electron  microscope. 

The  near  normal  infrared  retlectance  was  measured  with  a  Nicolet  Model  7199  Fourier 
Transfonn  spectrometer  with  a  relative  reflection  attachment.  A  gold  mirror  with  a  known 
reflectance  was  used  as  the  reflectance  standard  in  the  wavelength  range  from  2.0  to  20  pm  1 13|. 
The  near  ultraviolet,  visible  and  near  infrared  spectra  were  obtained  with  a  Varian  239(1 
spectrophotometer  using  an  integrating  sphere  detector  which  could  measure  both  the  total  and 
diffuse  components  of  the  reflectance  and  transmittance.  The  reflectance  standard  was  a  barium 
sulphate  plate  and  its  reflectance  was  taken  as  KKI.OT  between  0.2  pm  and  2.2  pm. 


RE.SUET.S  AND  DISCUSSION 


Deposition  of  doped  zinc  oxide  films  was  carried  out  at  several  temperatures  with  0.05'  ; 
diethyl  zinc,  2.3%  ethanol  and  different  diborane  concentrations.  The  ethanol  concentration  of 
2.3%  was  found  to  give  a  maximum  film  growth  rate  for  a  diethyl  zinc  concentration  of  O.OS'i . 
I  he  film  thickness  was  not  tinifomi  along  the  gas  flow  direction  and  there  was  a  peak  growth  rate 
on  the  substrate.  The  position  of  the  peak  growth  rale  varies  with  the  dopant  gas  flow  and  the 
deposition  temperature  for  constant  diethyl  zinc  and  ethanol  concentrations.  F-'ig.  I  shows  that  the 
peak  growth  rate  decrciises  with  the  dopant  concentration. 

The  film  growth  rate  strongly  depends  on  the  deposition  temperature.  Fig.  2  shows  that  the 
film  peak  growth  rate  first  increases  with  deposition  temperature  and  then  becomes  constant  at 
tcmpcrtitures  above  4(K1°C.  The  constant  peak  growth  rate  at  high  temperature  indictites  that  the  g.is 
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Dopant(  %) 


Fig.  1.  Peak  growth  rate  dependence  on  the 
dopant  concentration  (DEZ,  0.05%;  ethanol, 
2.3%;  T=375°C). 


Temperature(°C) 

Fig.  2.  Peak  growth  rate  dependence  on  the 
deposition  temperature  (DEZ,  0.05%;  ethanol, 
2.3%;  diborane,  0.014%). 


phase  reactions  are  fast  and  the  growth  rate  is  controlled  by  the  diffusion  of  the  film  precursors  to 
the  substrate. 

The  film  morphology  and  crystallite  sizes  were  determined  by  scanning  electron  microscopy 
(SEM).  Fig.  3  A  shows  the  electron  micrograph  of  an  undoped  zinc  oxide  sample  deposited  at 
355°C.  It  has  a  thickness  of  0.64  pm  and  is  composed  of  disklike  structures  with  disk  diameters 
between  200  nm  and  8(K)  nm.  Fig.  3  B  shows  the  corresponding  electron  micrograph  of  a  doped 
sample  deposited  by  introducing  0.014%  diborane  into  the  gas  phase.  The  doped  film  with  a 
thickness  of  0.77  pm  has  crystallite  sizes  about  100  nm.  The  dopant  reduces  the  crystallite  sizes. 

The  crystallite  sizes  also  depend  on  the  temperature  and  the  film  thickness.  The  film 
deposited  at  375°C  from  0.05%  diethyl  zinc,  2.3%  ethanol  and  0.014%  diborane  with  a  thickness 
of  225  nm  has  crystallite  sizes  below  !(X)  nm.  The  film  deposited  with  the  same  conditions  but 
with  a  thickness  of  995  nm  has  crystallite  sizes  of  about  150  nm.  Increasing  the  deposition 
temperature  usually  increases  the  crystallite  sizes  and  changes  the  film  morphology. 

Boron  is  an  n-type  dopant  for  zinc  oxide.  A  boron  atom  replaces  a  zinc  atom  in  the  crystallite 
or  occupies  an  interstitial  position.  The  electron  density  calculated  from  the  measured  Hall 
coefficient  increases  with  dopant  concentration.  Fig.  4.  shows  the  electron  density  dependence  on 
the  dopant  concentration.  The  electron  density  first  increases  rapidly  with  diborane  concentration 

and  then  levels  off  at  high  diborane  concentrations.  The  dependence  of  film  conductivity  a  and 
mobility  p  on  the  dopant  concentration  is  given  in  Fig.  5. 


l  ig.  3A.  Electron  micrograph  of  an  undopcd  Fig.  3B.  Electron  micrograph  of  a  dtipcd  Znf) 

zinc  oxide  film  (DEZ,  0.05%;  ethanol,  2.3%;  film  (DEZ,  0.05%;  ethanol,  2.3%;  diborane. 

■r=355T).  0.014%;  T=355"C). 
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Dopant(  %) 


Fig.  4.  Electron  density  dependence  on  the 
dopant  concentration  (DEZ,  0.05%;  ethanol, 
2.3%;  T=375°C). 


Dopant(  % ) 

Fig.  5.  Conducdvity  and  mobility  dependence 
on  the  dopant  concentration  (DEZ,  0.05%; 
ethanol,  2.3%;  T=375'’C). 


The  films  are  the  same  as  those  used  in  Fig.  4.  According  to  Drude  theory  1 14],  the  conductivity  o 
is  proportional  to  the  free  electron  density  Ne  following  the  relation  o=(Nce2)/(m*Y),  where  e  is  the 
electron  charge,  m*  is  the  effective  mass  of  the  conduction  electrons,  and  y  is  the  scattering 

frequency.  The  Hall  mobility  p,,  is  related  to  the  scattering  frequency  y  by  pii=e/(m*y).  Grain 
boundary  scattering  is  determined  by  the  size  of  the  crystallites,  impurity  scattering,  on  the  other 
hand,  increases  with  dopant  concentration.  In  the  low  dopant  concentration  range,  the  important 
contribution  to  .scattering  comes  from  grain  boundary  scattering,  which  is  the  same  for  films  with 
the  same  crystallite  sizes.  The  film  mobility  is  therefore  independent  of  dopant  concentration. 
Since  the  electron  density  increases  with  dopant  concentration,  the  film  conductivity  increases  with 
dopant  concentration.  In  the  high  dopant  concentration  range,  the  role  of  impurity  scattering 
exceeds  that  of  grain  bound;^  scattering.  The  increase  in  the  electron  density  can  not  compensate 
for  the  increase  in  the  impurity  scattering  frequency.  Therefore,  the  conductivity  and  mobility  both 
decrease  at  high  dopant  concentrations. 

The  dependence  of  film  conductivity  and  mobility  on  film  thickness  is  shown  in  Fig.  6.  Both 
conductivity  and  mobility  first  increase  rapidly  with  film  thickness  and  then  become  constant. 
When  the  films  are  very  thin,  the  crystallite  sizes  are  small  and  grain  boundary  scattering  is 
dominimt,  limiting  film  conductivity  and  mobility.  As  the  films  become  thicker,  the  influence  from 
grain  boundary  scattering  decreases  and  impurity  scattering  is  the  main  factor  limiting  film  mobilit>' 


0.2  1  10  20 

Wavelength(|im) 


Fig.  6.  Conductivity  and  mobility  dependence 
on  the  film  thickness  (DEZ,  0.05%;  ethanol, 
2.3%;  diborane,  0.014%;  T=375“C). 


Fig,  7.  Reflectance,  transmittance  and  Absorb¬ 
ance  of  a  ZnO:B  sample  (DEZ,  0.05%;  ethanol, 
2,3%;  diborane,  0.014%;  T=375“C). 
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Table  I.  Film  deposition  temperature  Tjj,  thickness  t,  electron  density  Nj.,  conductivity  O,  electron 
mobility  p,  band  gap  Eg  and  Figure  of  Merit  FM.  The  diethyl  zinc,  ethanol  and  diborane 
concentrations  in  the  gas  phase  are  0.05%,  2.3%  and  0.014%,  respectively. 


Sample 

Td 

•c 

■i 

Ne 

1020cm-3 

a 

(i2cm)-l 

an^/V-s 

Eg 

eV 

FM 

12-1 

2257 

300 

0.60 

1.4 

253 

11 

3.46 

0.06 

2254 

325 

0.53 

3.^ 

751 

12 

3.46 

0.20 

2252 

355 

0.77 

3.3 

20 

3.45 

0.40 

2260 

375 

0.72 

4.3 

1563 

23 

3.55 

0.53 

2266 

400 

5.4 

20 

3.64 

0.54 

2267 

430 

0.64 

6.7 

13 

3.70 

0.41 

and  conductivity.  Therefore,  for  film  with  thickness  above  0.8  pm,  its  conductivity  and  mobility 
will  not  vary  with  its  thickness. 

The  electron  density,  conductivity  and  mobility  dependence  on  the  deposition  temperature  are 
given  in  Table  1.  The  electron  density  increases  with  deposition  temperature,  indicating  more 
electronically  active  boron  atoms  were  incorporated  into  the  film.  Therefore,  the  ionized  impurity 
scattering  is  more  important  for  films  deposited  at  higher  temperatures  than  for  those  deposited  at 
lower  temperatures.  However,  higher  deposition  temperature  also  leads  to  larger  crystallite  sizes 
and  therefore  less  grain  boundary  scattering.  In  the  low  temperature  range,  grain  boundary 
scattering  is  dominant  over  ionized  impurity  scattering,  and  the  film  mobility  and  conductivity 
increase  with  deposition  temperature.  At  high  temperatures,  ionized  impurity  scattering  is  more 
important  than  grain  boundary  scattering.  The  increa.se  of  the  electron  density  with  temperature  can 
not  compensate  for  the  increase  of  the  scattering,  and  so  the  conductivity  and  mobility  both 
decrease  at  temperatures  above  400°C. 

The  film's  optical  propenies  were  mcxlified  by  doping.  The  doped  films  behave  like  metals 
in  the  infrared  and  have  high  reflectance.  In  the  visible  region,  the  doped  films  behave  like 
dielectrics  and  have  high  transmittance.  The  transition  between  these  behaviors  is  at  the  plasma 
wavelength,  which  moves  to  a  shorter  wavelength  as  the  electron  density  in  the  film  increases. 
The  undoped  films  usually  have  their  plasma  wavelengths  in  the  infrared;  while  the  boron  doped 
films  have  their  plasma  wavelengths  in  the  near  infrared.  Fig.  7  shows  the  reflectance, 
transmittance  and  ab.sorbance  of  a  boron  doped  zinc  oxide  sample.  The  film  has  a  thickness  of 
0.72  pm,  electron  density  of  4.3x1020  cm-3,  mobility  of  23  cm2/V-s.  plasma  wavelength  of  about 
1 .5.5  pm,  maximum  infrared  reflectance  of  85%,  and  average  visible  absorption  of  8%. 

The  performance  of  doped  zinc  oxide  films  as  transparent  conductors  may  be  ranked  by  a 
quantity  called  the  Figure  of  Merit  which  is  the  ratio  of  film  conductivity  a  to  average  visible 
absorption  coefficient  a,  a/a=-  l/(RlnT),  where  R  is  the  sheet  resistance  in  12/square,  T  is  the 


Dopant(%) 


l  ig.  8.  Figure  of  Merit  dependence  on  the 
dopant  concentration  (DEZ,  0.05%;  ethanol. 
2,.3%;T=375X). 


(Electron  Density! 

Fig.  9.  Band  gap  as  a  function  of  Ne2/3  for  films 
deposited  with  different  diborane  concentrations 
(DEZ.  0.05%;  ethanol.  2.3%.  T=375‘’Cf, 
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average  fractional  visible  transmittance.  Fig.  8.  shows  that  the  Figure  of  Merit  first  increases  with 
dopant  concentration  and  then  decreases  at  high  dopant  concentrations.  Table  I  shows  that  the 
Figure  of  Merit  dependence  on  the  deposition  temperature. 

The  optical  absorption  coefficient  a  of  a  direct  band  gap  semiconductor  near  the  absorption 
edge,  for  photon  energy  hv  greater  than  the  band  gap  energy  Eg  of  the  semiconductor,  is  given  by 
a  =  A(hv  -  Eg)l/2  1 14|,  where  A  is  a  constant.  In  heavily  doped  zinc  oxide  films,  the  lowest  slates 
in  the  conduction  band  are  occupied  by  free  electrons  and  so  the  valence  electrons  require  more 
energy  to  be  excited  to  higher  energy  states  in  the  conduction  band.  Therefore,  the  band  gaps  of 
doped  zinc  oxide  films  are  wider  than  those  of  undoped  zinc  oxide  films.  The  Burstein-Moss 
theory  predicates  that  the  band  gap  widening  is  proportional  to  where  Ng  is  the  electron 

density.  Fig.  9.  gives  the  band  gap  as  a  function  of  for  films  depo.sited  at  375°C. 


CONCLUSIONS 


Boron  doped  zinc  oxide  films  have  been  successfully  deposited  from  diethyl  zinc,  ethanol 
and  diborane  in  the  temperature  range  300°C  to  430°C  m  an  atmospheric  pressure  chemical  vapor 
deposition  reactor.  The  films  were  crystalline,  and  the  crystallite  sizes  depended  on  the  deposition 
temperature,  dopant  concentration  and  film  thickness.  The  resistance  and  Hall  coefficient 
measurements  showed  that  the  films  have  high  conductivity,  high  electron  density  and  high 
mobility.  The  optical  measurements  showed  that  the  films  are  highly  transparent  in  the  visible  and 
highly  reflectant  in  the  infrared.  The  band  gap  of  the  film  increases  with  electron  density  and 
approximately  follows  the  Burstein-Moss  relation. 
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ZnO  ON  Si3N4  BIMORPHS  WITH  LARGE  DEFLECTIONS 
WAI-SHING  CHOI  AND  JAN  G.  SMITS 

Sensors,  Actuators  and  Micromechanics  Laboratories,  Boston  University,  44  Cummington 
Street,  Boston  MA  02215 


ABSTRACT 

Piezoelectric  bimorpbs  and  piezoelectric  strain  sensors  based  on  sputtered  ZnO  films 
were  fabricated  on  SisN^  cantilever  beams  to  form  tactile  sensors.  The  sensors  were  used 
to  determine  object  positions.  Deflections  of  the  bimorphs  showed  a  quadratic  dependence 
on  the  applied  voltages.  Deflection  as  large  as  1166  pm  were  registered  for  a  bimorph  of 
2980  pm  long.  The  apparent  dai  of  ZnO  under  a  bias  of  -4  volts  was  -  103  x  10”’^  m/\  , 
which  was  approximately  20  times  larger  than  the  previously  reported  values  of  -5.12  x 
lO^’^m/V.  The  large  deflections  of  the  bimorphs  were  due  to  the  quadratic  effect  under 
strong  electric  field. 

INTRODUCTION 

The  design  of  a  tactile  sensor  combines  the  functions  of  piezoelectric  bimorphs  and 
piezoelectric  strain  sensors.  Piezoelectric  bimorphs  were  first  reported  by  C.  Baldwin 
Sawyer  [1].  They  were  made  by  joining  two  pieces  of  piezoelectric  elements  together 
to  form  a  composite  cantilever  beam.  However,  the  actuation  function  of  the  homoge¬ 
neous  piezoelectric  bimorph  can  be  realized  by  a  heterogeneous  piezoelectric  bimorph, 
which  is  constructed  by  depositing  a  single  layer  of  piezoelectric  materia]  on  a  layer  of 
non-piezoelectric  material.  The  response  of  such  heterogeneous  bimorphs  has  been  inves¬ 
tigated  by  Steel  et  al.  [Z,  and  Smits  et  al.  (Sj.  Numerous  applications  of  heterogeneous 
bimorphs  using  piezoelectric  materials  such  as  PLZT,  PZT,  PVF  and  ZnO  had  been  re¬ 
ported.  The  applications  include  telephone  receivers  (4i,  thickness  extensiona'  mode  res¬ 
onators  [5],  PUET  accelerometers  i6j,  resonant  diaphragm  pressure  sensors  [7j,  resonant 
force  sensors  [8j,  monolithic  band-pass  filters  made  of  cantilevers  |9,,  dampers  in  vibration 
control  of  beams  [10  -  13]  and  regulators  of  vibration  modes  of  rectangular  plates  to  control 
sound  radiation  [14,’.  Circular  bimorphs  are  used  in  integrated  micropumps  built  on  silicon 
wafers  [15]. 

FABRICATION 

A  (100)  Si  wafer  is  oxidized  in  dry  oxygen  at  IISO'C  to  obtain  0.5  pm  of  masking 
oxide.  By  means  of  photolithography,  an  array  of  3.11  mm  x  0.96  mm  rectangular  windows 
are  patterned  onto  the  wafer.  Si02  inside  the  w-indows  is  then  etched  away  in  Buffered 
Oxide  Etch  (BOE).  A  sacrificial  layer  of  Zinc  Oxide  (ZnO)  of  1.0  pm  thick  is  deposited 
onto  the  wafer  by  magnetron  sputtering.  The  ZnO  film  outside  the  rectangular  windows 
is  etched  away  in  a  mixture  of  Phosphoric  acid,  Acetic  acid  and  water  (1:50:50).  A  layer 
of  SisN^  of  1  pm  thick  is  then  sputtered  onto  the  wafer.  A  layer  of  Chromium-Gold  is 
evaporated  on  top  of  the  SiaN^  to  define  the  bottom  electrodes.  Piezoelectric  ZnO  of  1 
pm  thick  is  then  sputtered  and  patterned  on  top  of  the  bottom  electrodes.  A  second  layer 
of  Chromium-Gold  is  evaporated  onto  the  wafer  to  define  the  top  electrodes.  This  step 
completes  the  construction  of  the  critical  components  of  the  tactile  sensor.  The  device 
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Au/Cr 


Figure  1.  Cross-section  of  the  bimorph  with  the  moat  opened  to  expose  the 
sacrificial  ZnO  for  the  final  etching. 

is  non  ready  to  be  etched  free.  Photoresist  is  spin-coated  onto  the  wafer  and  patterned 
with  a  mask  that  e.xposes  the  necessary  areas  of  the  SisN^  needed  to  be  etched  in  order 
to  reveal  the  cantilever  beam  structure  of  the  device.  The  Si3N4  is  etched  in  BOE  until 
the  sacrificial  ZnO  is  reached,  as  shown  in  Figure  1.  With  the  same  photoresist  still  in 
position,  the  sacrificial  ZnO  underneath  the  SisNj  is  etched  in  a  mixture  of  .Acetic  acid, 
Phosphoric  acid  and  water  till  the  cantilever  beams  are  free  from  the  Si  substrate. 


RESULTS 

Sensors  were  successfully  fabricated  on  three  Si  wafers,  and  around  a  hundred  of  them 
were  produced.  Half  of  the  fabricated  devices  were  2980  pm  long,  while  the  other  half  were 
1688  pm  long.  The  cantilever  beams  all  curved  upwards.  The  curvature  was  due  to  the 
mismatch  of  thermal  expansion  coefficients  betw'een  the  materials,  and  the  existence  of 
residual  stresses  in  the  sputtered  films.  A  SEM  picture  of  the  cross-section  of  the  bimorph 
is  shown  in  Figure  2. 

DEVICE  CHARACTERIZATION 

Around  thirty  of  the  tactile  sensors  were  tested  under  a  probe  station,  which  is 
equipped  with  a  30x  opticed  microscope  and  a  reticle  with  a  resolution  of  33.3  pm  per 
unit  on  the  eye-piece.  A  DC  voltage  was  applied  across  bender  electrode  areas  via  the 
bonding  pads.  In  order  to  observe  any  hysteresis  effects,  the  bending  voltage  was  applied 
in  a  particular  sequence.  The  bending  voltage  w-as  lowered  first  from  0  \  to  -6.5  \  uni- 
directionally  with  small  increments.  From  -6.5  \  ,  the  voltage  was  raised  uni-directionally 
back  to  0  V.  From  0  V,  the  voltage  was  increased  to  6.5  A  and  then  decreased  back  to  0\  . 
All  the  devices  tested  behaved  in  a  similar  fashion. 

The  position  of  the  free  tip  of  the  sensor  was  read  off  from  the  reticle  at  the  input 
voltages.  The  deflection  of  the  free  end  due  to  an  input  voltage  was  obtained  as  the 
difference  between  the  position  of  the  free  end  at  the  input  voltage  and  the  initial  position 
at  zero  input  voltage. 

DISCUSSION 

The  result  of  the  deflection  versus  DC  voltage  of  a  typical  bimorph  is  presented  in 
Figure  3. 


Deflection  of  the  free  ent  ,  mierone 
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Figure  2.  A  SEM  picture  showing  the  cross-section  of  the  bimorph.  The  layer 
with  a  granular  under-surface  is  the  sputtered  SijN,  film,  which  is  about  1  /im 
thick.  On  top  of  the  SijN^  film  are  layers  of  Cr/Au  of  0.5  ftm,  sputtered  ZnO  of 
1  nm  thick  and  Cr/Au  of  0.2  >im  thick. 
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Figure  3.  Deflection  of  the  free  end  as  a  function  of  the  DC  bending  voltage. 
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The  parabolic  shape  of  the  plot  indicated  that  the  heterogeneous  bimorph  responded 
strongly  to  the  amplitude,  but  not  the  polarity,  of  the  applied  voltages.  We  could  divide 
the  deflection  dependence  on  voltage  amplitudes  into  two  regions  ;  &om  0  V  to  1.7  V.  a 
weak-field  region  and  &om  1.7  V  to  6.6  \‘.  a  strong-field  region.  Saturation  in  deflection 
was  observed  at  voltage  amplitude  above  6  \ . 

Smits  and  Choi  [3'  had  derived  the  constituent  equations  for  a  heterogeneous  bimorph, 
in  which  the  deflection  of  the  bimorph  due  to  an  external  voltage  was  given  as 


where 


S  = 


3d3,ABL- 

K 


(1) 


A  =  +  s\\h^)  B 


■  hj,) 


(•*n  ~  ■sJi 


-t-  6s”  sj, +  4s”  s'  h^{h..y 


s5‘i  and  sj,  are  the  elastic  compliances  of  the  SisN^  and  ZnO  respectively,  and  hji  and 
hp  are  the  thickness  of  SijN4  and  ZnO  respectively,  dn  is  the  piezoelectric  constant  of 
ZnO  and  L  is  the  length  of  the  bender. 

For  the  tactile  sensor  under  testing,  h,j,hp.s5‘,,sj,,  L  and  <£31  assume  respectively  the 
following  values:  1.0 1.0 ^m,  17.8  x  10"’*m*/N  [16],  8.1  x  10"'^  m^/N  [17],  2583 ;tm 
and  —5.12  x  10"'^m/V  [18].  Using  these  values,  the  deflection  according  (1)  becomes 


5(V)  =  12  X  10-'  V  (2) 

Equation  (2)  is  plotted  in  Figure  3  as  the  dotted  line  through  the  origin.  The  piezoelec¬ 
tric  effect  represc'ited  by  this  line  is  not  sufficient  to  explain  the  measured  data.  The  best 
straight  line  through  the  data  points  in  the  left  branch  gives  a  slope  vedue  of  243  pm/V  at 
a  bias  of -4V.  The  value  of  the  slope  implies  that  an  ‘effective*  piezoelectric  coefficient 
can  be  found  as  -103.7  x  10“'*  ni/V,  which  is  around  20  times  larger  than  the  previously 
reported  value  of -3.12  x  10“’^m/V. 

A  least-squares  fit  is  performed  to  the  data  in  Figure  3  with  a  second  order  polynomial 
in  y,  and  the  following  coefficients  from  the  fitting  are  obtained 


#(!')  =  -21.255  X  10“'  -(-  6.377  x  10“‘V  -  30.933  x  10'‘\  -  (3) 

From  equation  (3),  it  is  observed  that  the  second  order  term  has  a  more  dominant  effect 
on  the  deflections  of  the  bimorph  than  the  linear  piezoelectric  term.  Such  strong  quadratic 
dependence  on  voltage  suggests  that  the  electrostrictive  effect,  which  is  a  quadratic  func¬ 
tion  of  the  electric  field,  is  responsible  for  the  deflections  in  the  high  field  regions.  Elec¬ 
trostrictive  effects  which' occur  under  high  electric  field,  had  been  reported  in  piezoelectric 
ceramics  by  Mason  [19  . 
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ZuO  on  Si3N4  bimorphs  were  fabricated  as  the  actuation  components  of  the  tactile 
sensors.  Deflections  of  the  bimorph  in  the  range  of  1000  ij.m  can  be  achieved  with  a  voltage 
of  6V.  Deflections  of  the  bimorphs  were  observed  to  have  a  strong  square  dependence  on 
the  applied  voltage.  An  effective  dsi  of  103  x  10“'-  was  found  for  the  ZnO  films.  The 
large  deflections  were  due  to  the  contribution  from  electrostriction.  This  was  the  first  time 
that  a  large  effective  piezoelectric  coefficient  as  a  result  of  biasing  into  the  electrostrictive 
regime  was  reported  in  piezoelectric  ZnO  films. 
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Abstract 

Transparent  conducting  tin  oxide  films  were  prepared  by 
an  electron  beam  evaporation  technigue.  As-deposited  films 
were  amorphous  or  polycrystalline  depending  on  the  substrate 
temperature  and  the  time  of  deposition.  In  order  to  get 
transparent  and  conducting  thin  films  of  Sn02,  as-deposited 
films  were  subjected  to  further  heat-treatment  in  air 
at  650°C  for  2  hours.  Physical  properties  of  as-deposited 
and  annealed  films  are  discussed  with  reference  to  substrate 
temperature  and  deposition  time. 


1.  Introduction 

Sn02  thin  films  have  received  high  technological 
importance  because  of  their  electrical,  optical  and 
structural  properties.  These  films  are  extensively  used  as 
solar  cell  windows  [1],  heat-mirrors  [2],  sensors  [3]  etc. 
Different  deposition  techniques,  namely  sputtering  [4], 
spray  pyrolysis  [5],  chemical  vapour  deposition  [6], 
evaporation  [7]  etc.  are  used  for  deposition  of  these  films. 
Sn02  thin  films  in  this  work,  have  been  prepared  by 
evaporation  of  high  purity  Sn02  pellets  on  Corning  7059 
glass  substrate.  Sn02  molecules  decompose  in  the  gaseous 
state  when  heated  in  a  vacuum  and  deposit  as  amorphous 
structure  or  suboxides  depending  on  substrate  temperature 
and  time  of  deposition.  The  suboxides  are  oxygen  deficient 
Sn-0  films  formed  by  partial  loss  of  oxygen  during 
evaporation.  In  order  to  get  transparent  and  conducting 
films  of  Sn02,  post-deposition  heat-treatment  in  air  at 
650°C  for  2  hours  has  been  performed.  It  is  observed  that 
the  physical  properties  of  these  films  depend  strongly  on 
substrate  temperature,  time  of  deposition  and  annealing 
treatment.  The  properties  of  Sn02  thin  films  can  be  varied 
by  changing  process  parameters  of  the  deposition  technique 
[8]  . 


2 .  Experimental 

The  experimental  set-up  for  the  deposition  of  the  films 
consists  of  a  stainless  steel  vacuum  chamber  connected  to  an 
oil  diffusion  pump  with  LN2  trap.  The  vacuum  system  is  able 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  242.  1992  Materials  Research  Society 


756 


to  evacuate  the  chamber  to  a  pressure  of  10~®  Torr.  The 
electron  beam  gun  is  basically  a  diode  having  a  cathode  in 
the  form  of  a  filament  and  a  grounded  anode.  Sn02  powder 
(supplied  by  Aldrich)  was  pressed  into  pellets  and 
evaporated  using  an  electron  beam  with  a  power  of  3  KW.  The 
pellets  were  initialy  degassed  with  the  shutter  closed  for 
about  10  minutes  by  applying  a  low  power  electron  beam.  The 
distance  between  the  gun  and  the  substrate  holder  was  kept 
around  18  cm.  As-deposited  and  annealed  films  were  studied 
by  using  grazing  angle  X-ray  diffractometer  (Rigaku, 
RU200B) ,  Hitachi  optical  spectrophotometer  and  Hall 
coefficient  measuring  equipment.  Hall  measurement  has  been 
carried  out  at  room  temperature  using  van  der  Pauw  geometry. 


3.  Results  and  Discussion 

A)  Effect  of  Substrate  Temperature  on  Hall  Mobility  : 

Fig.(l)  shows  the  variation  in  n,  p  and  resistivity 
with  substrate  temperature.  There  is  a  decrease  in  mobility 
(p)  as  the  substrate  temperature  is  increased  from  50°C  to 
200°C.  Above  200°C  there  is  a  higher  increase  in  the 
mobility.  The  orientation  of  the  films  deposited  at 
different  substrate  temperatures  is  shown  in  Fig. 2.  The  low 
value  of  mobility  appears  to  be  due  to  the  presence  of  [110] 
orientation.  This  [110]  orientation  has  trap  density  of 
9.4xlol'*  Sn  at./cm2  (9],  while  [101]  orientation  has  trap 
density  of  2.54xlol^  Sn  at./cm^  [10].  The  lesser  trap 
density  along  [101]  orientation  appears  to  be  responsible 
for  the  higher  value  of  mobility  for  [101]  oriented  films 
( see  Fig . 2 )  . 


Fig.l.  Variation  of  resistivity  Fig. 2.  The  variation  of 

carrier  concentration  4  mobility  and  (I/Iq) 

mobility  with  substrate  for  planes  (101)  4 

temperature.  (110)  with  substrate 

temp. 
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B)  The  Effect  of  Time  of  Deposition  on  Sn02  Films  : 

Fig.  3(a-c)  shows  the  XRD  patterns  of  as-deposited  Sn02 
films  deposited  at  different  duration  of  time  at  a 
deposition  rate  of  2  A°/S.  All  depositions  were  performed  at 
substrate  temperature  of  350°C.  Fig.  3(a)  shows  an 
amorphous  structure  for  as-deposited  Sn02  films  deposited 
for  10  minutes,  while  XRD  patterns  3(b)  and  3(c)  are  for 
polycrystalline  suboxides  of  Sn02  films  deposited  for  20  and 
30  minutes  respectively.  The  extension  of  the  deposition 
time  helps  the  transition  of  amorphous  to  polycrystalline 
structure.  Fig, (4)  shows  XRD  patterns  of  the  same  films  (as 
in  Fig. 3)  after  post-deposition  heat-treatment,  viz.  650°c 
for  2  hours  in  air.  This  heat-treatment  was  carried  out  to 
improve  the  transparency  of  the  films.  The  high  conductivity 
of  undoped  Sn02  films  has  been  attributed  to  oxygen 
vacancies  [10].  Fig.  4(b)  and  4(c)  show  the  complete 
transformation  of  as-deposited  films  to  Sn02  structure. 


Fig. 3.  As  deposited  films  of  Sn02  lig.4.  Post  deposition 

a)  10  minutes  heat  treatment  of 

b)  20  minutes  Sn02 

c)  30  minutes  a)  10  minutes 

b)  20  minutes 

c)  30  minutes 

C)  Optical  Properties  : 

Fig.  (5)  shows  tne  room  temperature  transmission  curve 
of  as-deposited  and  annealed  samples  of  tin  oxide  thin 
films  deposited  at  350°C  for  20  minutes  at  a  rate  of  2A°/S. 
As  shown  in  Fig. (6),  the  square  of  absorption  coefficient 
was  found  to  be  linearly  proportional  to  photon  energy, 
which  suggests  that  direct  allowed trans ition  occurs  in  this 
film  [11].  From  the  dependence  of  the  absorption  coefficient 
on  photon  energy  and  extrapolating  the  linear  region  to 
zero,  the  band  gap  was  found  to  be  2.57  eV  before  annealing 
and  3.42  eV  after  annealing. 
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Fig. 5.  Spectral  transmittance  of 
as-deposited  and  air 
annealed  films  of  Sn02 
deposited  at  350°C 


Fig. 6.  Squred  of  absorp¬ 
tion  coefficient 
for  as-deposited 
and  heat-trea*od 
films . 


4.  CONCLUSION 

In  this  work,  it  is  observed  that  in  order  to  get 
better  physical  properties  of  Sn02,  such  as  better  structure 
one  should  extend  the  deposition  time.  Lower  deposition  time 
results  in  amorphous  films.  The  films  become  polycrystalline 
when  deposition  time  is  increased.  However,  these  films  have 
only  .SnO  phase.  After  annealing  at  650°C  for  2  hours,  the 
SnO  phase  changes  to  Sn02.  It  is  also  observed  that  films 
which  are  oriented  along  [101]  show  better  electrical 
propertie  Subsequently  films  of  random  orientation  having 
trap  de  a  ..ty  of  9.4x10^’  Sn  at/cm^ ,  show  lower  mobility  and 
higher  resistivity.  It  is  also  observed  that  the  band  gap  of 
as-deposited  films  increases  by  subsequent  heat  treatment 
from  a  value  of  2.57  eV  to  3.42  eV  resulting  in  high  visible 
transparency. 
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NANOMETER  SIZE  LEAD  IODIDE  PARTICLES 
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GIANNELIS,  Departmen,  of  Materials  Science  and  Engineering,  Cornell  University, 
Ithaca,  NY  14853. 

ABSTRACT 

Nanometer  size  lead  iodide  particles  have  been  synthesized  in  the  porous 
network  of  a  cross-linked  polymer  matrix.  The  optical  band  gap  of  the  nanocrystals 
is  shifted  towards  higher  energy  as  compared  to  the  bulk  value.  This  shift  is 
attributed  to  the  quantum  size  effect  on  excitons.  Intercalation  with  aniline  leads  to 
a  further  shift  in  the  band  gap  which  depends  on  the  dipole  moment  of  the 
intercalated  guest  species.  Differential  scanning  calorimetry  and  high  temperature 
x-ray  diffraction  have  been  used  to  analyze  the  ferroelectric  transition  in  Pbig. 

INTRODUCTION 

Semiconductor  nanocrystallites  (or  quantum  dots)  are  a  subject  of  extensive 
research  [1-5].  These  efforts  are  directed  towards  an  understanding  of  the  effect 
of  size  and  dimension  on  the  electronic  and  optical  properties  of  materials.  Size 
quantization  effects  occur  when  the  Bohr  radius  of  the  exciton  (or  electron)  is 
comparable  to  the  crystallite  dimensions  and  leads  to  new  phenomena  and 
applications.  For  example,  a  shift  in  interband  absorption  or  luminescence  peak, 
and  a  non-linear  optical  effect  are  a  manifestation  of  the  quantum  size  effect  in 
semiconducting  nanocrystals.  The  non-linear  optical  effects  have  potential 
applications  in  ultrafast  optical  devices.  Effective-mass  models  and  empirical 
pseudopotential  methods  have  been  employed  to  explain  these  effects  [5]. 

Lead  iodide  (Pbl2)  is  a  direct  band  gap  semiconductor  and  has  a  layered 
lattice  structure.  Its  use  has  been  demonstrated  in  holography,  photocapacitive 
devices,  and  radiation  detection  [6,7].  Recently,  it  has  been  shown  that  Pbig 
exhibits  lerroelectricity  with  a  Curie  temperature  of  about  573  K  [8].  The 
combination  of  semiconducting  and  ferroelectric  properties  raise  the  possibility  of 
photoferroelectric  phenomena  in  Pblj.  Furthermore,  Pbig  nanocrystallites  offer  an 
opportunity  to  study  the  effect  of  particle  size  on  the  ferroelectric  phase  transition. 
Small  ferroelectric  particles  are  expected  to  show  different  dielectric  properties  as 
compared  to  bulk  crystals  [9,10]. 

The  structural  repeat  unit  in  Pblj  consists  of  three  planes  of  strongly  bonded 
atoms:  a  plane  of  lead  atoms  sandwiched  between  two  layers  of  iodine  atoms. 
These  structural  units  are  separated  by  weak  van  der  Waals  forces.  As  a  result, 
foreign  guest  species  can  be  introduced  (intercalated)  within  the  van  der  Waals 
gap.  This  leads  to  an  expansion  of  the  unit  cell,  depending  on  the  size  of  the  guest 
molecules.  In  addition,  the  properties  of  the  intercalated  material  are  dramatically 
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altered.  For  example,  it  was  recently  shown  that  the  optical  band  gap  of  Pbig  thin 
film  shifts  by  about  0.5  eV  upon  intercalation  with  aniline  (CgHgNHg)  and  the  shift 
depends  on  the  dipole  moment  of  the  intercalated  guest  species  [11]. 

In  this  paper,  we  report  a  new  approach  for  the  synthesis  of  nanometer  size 
lead  iodide  particles  in  the  pores  of  a  polymer  matrix.  This  technique  was  recently 
used  for  the  preparation  of  nanometer  size  magnetic  particles  [12].  The  optical 
band  gap  of  Pbig  is  blue  shifted  due  to  small  particle  size.  Intercalation  with  aniline 
leads  to  a  further  shift  in  the  band  gap.  Thus,  the  optical  band  gap  of  Pbig  can  be 
fine-tuned  by  varying  the  size  of  the  nanocrystals  and  by  a  proper  choice  of  the 
guest  molecule.  Preliminary  results  on  the  effect  of  particle  size  on  the  ferroelectric 
transition  are  also  discussed. 

The  polymer  matrix  used  is  a  strongly  acidic,  cation-exchange  resin 
containing  sulfonate  functional  groups.  It  consists  of  cross-linked  sulfonated 
polystyrene  divinyl  benzene  matrix  leading  to  a  porous  network.  The  degree  of 
cross-linking  determines  the  exchange  capacity  and  the  porosity  of  the  resin.  We 
used  50X8-200  resin  (Dowex*)  which  is  composed  of  an  8%  cross-linked  matrix 
yielding  a  medium  porosity.  The  resin  exists  in  the  form  of  uniform  spherical  beads, 
approximately  1 50  pm  in  diameter. 

EXPERIMENTAL 

The  synthesis  steps  are  similar  to  those  described  in  reference  12.  The 
washed  beads  were  exposed  to  an  aqueous  solution  of  lead  nitrate  for  about  three 
hours  followed  by  thorough  washings  to  remove  any  excess  physisorbed  lead  ions. 
During  this  treatment,  two  protons  were  exchanged  for  one  Pb^^.  The  Pb^'*'- 
exchanged  beads  were  then  exposed  to  an  aqueous  solution  of  sodium  iodide. 
The  product  was  finally  washed  with  deionized  water  and  dried  at  60°C. 
Intercalation  of  nanoscale  Pbig  particles  with  aniline  was  achieved  by  exposing  the 
nanocomposite  beads  to  aniline  vapors  in  an  evacuated  chamber  (=10'^  Torr). 

X-ray  diffraction  patterns  were  obtained  using  a  Scintag  diffractometer  (CuKa 
radiation).  A  high  temperature  attachment,  operating  in  a  dynamic  vacuum  of  10'^ 
Torr,  was  used  to  perform  x-ray  diffraction  as  a  function  of  temperature. 
Transmission  electron  micrographs  were  obtained  on  JEOL  1200EX  (at  120kV),  A 
microtome  was  used  to  prepare  thin  specimens.  A  heating/cooling  rate  of  20°C/min 
was  used  in  the  DSC  scans. 

Optical  transmission  measurements  were  performed  on  a  single  Pbig-polymer 
composite  bead  using  a  xenon  arc  lamp.  Two  different  gratings  were  used  for  the 
ultraviolet  and  visible  region.  A  sapphire  single  crystal  was  used  for  mounting  the 
beads.  The  light  from  the  lamp  was  monochromated  and  focussed  to  a  20  pm  spot 
on  the  center  of  the  spherical  bead.  The  transmitted  light  was  collected  and 
refocussed  onto  the  detector  by  a  sapphire  lens.  A  thermoelectrically  cooled  GaAs 
photomultiplier  tube  waj  used  as  the  detector.  A  normalization  spectrum  was  taken 
using  a  dried,  pristine  polymer  bead. 


RESULTS  AND  DISCUSSION 


The  x-ray  diffraction  pattern  of  the  nanocomposite  is  shown  in  Figure  1(a). 
Upon  intercalation  with  aniline,  the  (001)  diffraction  peak  shifts  from  about  6.98  A 
to  10.74  A.  Figure  1  (b).  Intercalation  leads  to  an  increased  separation  between  the 
interlayer  iodine  atomic  planes.  The  pristine  beads  were  x-ray  amorphous. 

d  (A) 


10  20  30  40 


20  (deg) 

Figure  1.  XRD  pattern  of  (a)  pristine  and  (b)  aniline  intercalated  Pbig 
nano-composites. 


Figure  2.  Transmission  electron  micrograph  showing  nanometer 
size  Pbig  particles  in  the  polymer  matrix. 

Transmission  electron  microscopy  shows  that  the  Pbig  particles  are  spherical 
with  a  mean  diameter  of  190  A  (Figure  2).  The  particle  size  distribution  is  Gaussian 
with  a  standard  deviation  of  about  40  A.  A  small  fraction  of  the  particles  have  a 
mean  diameter  of  about  1 1 0  A.  Because  of  the  melting  of  the  polymer  from 
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electron-beam  damage,  the  particles  tend  to  aggregate  upon  prolonged  exposure 
to  the  beam. 

The  optical  absorption  spectrum  of  the  nanocomposite  containing  Pbl2 
particles  is  shown  in  Figure  3.  The  absorption  edge  appears  at  about  3.25  eV. 
This  is  a  blue-shift  of  0.75  eV  from  the  optical  band  gap  of  bulk  Pbig  (=2.5  eV,  [11]). 
This  shift  towards  higher  energy  due  to  small  particle  size  is  attributed  to  quantum 
confinement  of  excitons  and  is  a  well  known  phenomenon  [1-5].  The  optical 
absorption  spectrum  of  the  same  composite  after  intercalation  with  aniline  is  shown 
in  Figure  4.  The  absorption  edge  appears  at  about  4.1  eV  indicating  an  additional 
shift  of  0.85  eV.  This  shift  is  due  not  only  to  the  weakened  interaction  between  the 
interlayer  iodine  planes,  but  also  to  the  guest-host  interaction.  The  former  originates 
from  an  increased  separation  between  the  interlayer  iodine  planes  upon 
intercalation,  and  causes  a  flattening  of  the  bands,  thereby  increasing  the  band-gap. 
The  latter  is  due  to  the  polar  -NHg  group  of  aniline  electrostatically  interacting  with 
the  iodine  5p^  electron,  thereby  increasing  its  binding  energy  [11].  This 
electrostatic  attraction  depends  on  the  dipole  moment  of  the  intercalated  guest 
species.  The  larger  the  dipole  moment,  the  stronger  is  this  effect  and  hence  a 
larger  shift  in  the  band  gap  is  expected. 
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Figure  3.  Optical  absorption  spectrum  Figure  4.  Optical  absorption 
of  a  single  Pbig-polymer  bead.  The  spectrum  of  aniline  intercalated 
oscillations  at  certain  wavelengths  are  Pbig-polymer  bead, 
due  to  the  xenon  lamp. 

It  was  recently  shown  by  capacitance  measurements  that  Pbig  undergoes  a 
ferroelectric  transition  at  about  573  K  [8].  Since  Pbig  belongs  to  one  of  the 
ferroelectric  space  groups,  P3m1 ,  ferroelectricity  is  expected  in  this  compound  [13]. 
Polytypic  phase  transitions  are  well  known  in  this  material  [14].  In  order  to  examine 
the  effect  of  particle  size  on  the  ferroelectric  transition,  the  transition  in  the  bulk 
material  must  be  understood.  We  have  investigated  the  phase  transitions  in  bulk 
Pbig  by  means  of  differential  scanning  calorimetry  and  x-ray  diffraction. 


The  DSC  spectrum 
of  bulk  Pbig,  precipitated  by 
adding  an  aqueous  solution 
of  sodium  iodide  to  the  lead 
nitrate  solution,  is  shown  in 
Figure  5(a).  The  particle 
size  of  the  precipitated  Pblj 
crystals  was  approximately 
1  pm.  Three  successive 
heating  and  cooling  DSC 
scans  were  taken.  Two 
main  transitions  are  evident 
at  548  K  and  580  K.  The 
transition  at  580  K  is  broad 
during  the  first  heating 
Figure  5.  DSC  spectra  of  bulk  Pbl2  with  (a)  no  cycle,  but  becomes  sharper 

prior  annealing  and  (b)  annealing  at  595  K  for  1h.  and  more  prominent  during 

successive  cooling  and 
heating  cycles.  A  minor 
transition  at  448  K, 
observed  during  the 
second  and  third  heating 
cycles,  is  attributed  to  a 
polytypic  phase  transition 
[14].  On  annealing  Pbig  at 
595  K  for  one  hour  prior  to 
the  DSC  experiment,  the 
transition  at  580  K  becomes 
dominant.  Figure  5(b).  The 
transitions  in  the  range  575- 
581  K,  depending  on  the 
thermal  history,  represent 
the  ferroelectric  transition  in 

Figure  6.  X-ray  diffraction  patterns  of  bulk  Pbig  at 

300  K,  550  K  and  575  K.  Figure  6  summarizes 

the  results  of  high 
temperature  x-ray  diffraction.  The  first  traces  of  a  new  phase  appear  at  about  550 
K.  A  mixed  phase  exists  in  this  temperature  region.  At  temperatures  greater  than 
575  K,  the  phase  transition  is  complete.  This  transition  is  attributed  to  the 
ferroelectric  transition  in  Pbig.  The  structure  of  the  new  phase  as  well  as  the  effect 
of  particle  size  on  the  ferroelectric  transition  is  under  investigation.  A  preliminary 
DSC  analysis  of  the  Pbl2  containing  nanocomposites  show  the  absence  of  any 
phase  transition  attributable  to  Pbig  particles.  However,  this  does  not  unequivocally 
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demonstrate  a  lack  of  ferroelectric  transition  due  to  small  particle  effects.  A  further 
investigation  using  Raman  spectroscopy  and  high  temperature  x-ray  diffraction  is 
in  progress. 

CONCLUSIONS 

Lead  iodide  particles  with  nanometer  dimensions  have  been  synthesized  in 
the  pores  of  a  polymer  matrix.  The  band  gap  of  Pbig  can  be  tailored  by  varying  the 
size  of  the  nanocrystals  and  by  intercalating  a  guest  species  of  appropriate  dipole 
moment.  For  particles  approximately  190  A  in  diameter  an  absorption  edge  at 
about  3.25  eV  is  observed.  The  absorption  edge  shifts  to  4.1  eV  upon  intercalation 
with  aniline.  Bulk  Pbig  undergoes  a  ferroelectric  transition  at  about  573  K.  Current 
work  is  directed  towards  correlating  the  particle  size  with  the  ferroelectric  transition. 
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ABSTRACT 

Mercuric  iodide  (Hglj)  single  crystals  deposited  with  transparent  indium-tin-oxide 
(ITO),  and  semitransparent  gold  and  nickel  contacts  were  investigated  by  thermally  stim¬ 
ulated  current  spectroscopy  (TSC).  The  differences  in  the  TSC  spectra  from  these  samples 
indicate  that  the  defect  structure  in  Hglj  may  be  modified  by  the  contact  material.  These 
defects  act  as  carrier  traps  and  have  strong  implications  in  the  application  of  Hgl2  nuclear  de¬ 
tectors.  A  method  of  numerical  analysis  was  developed  to  extract  information  such  as  carrier 
trap  activation  energy,  capture  cross-section,  and  trap  concentration-lifetime  product  from 
the  TSC  measurements. 

INTRODLCTION 

Mercuric  iodide  is  one  of  the  two  leading  candidates  (the  other  being  cadmium  tel- 
luride)  for  use  as  room  temperature  semiconductor  X-ray  and  gamma-ray  detectors  [11. 
Compared  with  convetitional  semiconductor  nuclear  detectors  such  as  lithium-drifted  sili¬ 
con,  lithium-drifted  germanium  or  high-purity  germanium  detectors,  Hgli  nuclear  detectors 
have  the  advantages  of  a  large  bandgap  (2.1  eV  at  room  temperature),  high  resistivity  [p  % 
10'^  flcr.'  in  the  dark  at  room  temperature),  and  large  atomic  numbers  (80  and  53  for  Hg 
and  I,  respectively).  The  large  bandgap  and  high  resistivity  ensure  that  Hgli  detectors  have 
very  small  dark  current  at  room  temperature.  Therefore,  unlike  Si  and  Ge  based  detectors, 
no  cryogenic  cooling  is  needed  for  Hglj  detectors.  The  large  atomic  numbers  make  Hglj 
many  times  more  efficient  than  Si  or  Ge  based  detectors  in  stopping  the  incident  .X-ray  or 
gamma-ray  photons  to  be  detected,  since  the  photoelectric  effect  is  roughly  proportional  to 
the  fifth  power  of  the  atomic  number. 

At  present,  Hglj  spectrometers  have  resolutions  comparable  to  that  of  Si  detectors  for 
X-rays  of  moderate  energy  (e.g.  5.9  keV  Mn  K„  line)  (2).  One  of  the  issues  of  concern  in  the 
further  development  of  Hgl2  detectors  has  been  the  low  manufacturing  yield  of  about  205,’ 
[3j.  This  is  believed  to  be  caused  by  defects  introduced  during  crystal  growth  and  device 
fabrication.  These  defects  act  as  recombination  centers  and  carrier  traps,  thus  decreasing 
the  carrier  lifetime,  cau.sing  polarization  effect,  and  resulting  in  incomplete  charge  collection, 
all  of  which  are  detrimental  to  detector  performance.  In  addition,  carrier  trapping  is  also 
the  main  culprit  in  degrading  the  performance  of  Hglj  detectors  in  the  higher  photon  energy 
range  (above  100  keV)  where  the  re.solution  of  Hglj  detectors  is  considerably  inferior  to  that 
of  Ge  detectors. 

Hgl^  is  a  soft  and  reactive  material.  It  undergoes  a  phase  transition  at  127  “C  from  red 
tetragonal  (o-phase)  to  yellow  orthorhombic  (/3-phase)  crystal  structure  and  melts  at  2.51) 
"C.  I’revious  studies  have  shown  that  defects  can  easily  be  introduced  during  processing  [  tj. 
The  deposition  of  electrical  contacts  on  Ilglj  is  a  major  and  crucial  step  in  the  fabrication 
of  Ilglj  detectors.  Studies  of  various  contact  materials  on  Hgl2  by  low  temperature  photo 
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luminescence  spectroscopy  (PL)  have  shown  that  recombination  centers  may  be  introduced 
in  the  interfacial  region  between  contact  layer  and  Hgl2  substrate  (5,  6].  In  this  study,  we 
have  employed  TSC  methods  to  study  the  effects  of  the  indium-tin-oxide,  gold,  and  nickel 
electrical  contacts  on  the  carrier  traps  in  Hglj. 


EXPERIME.N’TAL  AND  NUMERICAL 

The  Ilglj  single  crystals  were  grown  from  vapor  phase  at  EGiL'G  Energy  Measure¬ 
ments,  Inc.  Slices  of  1  cm  x  1  cm  with  thickness  of  about  0.0.5  cm  were  cut  from  these  crystals 
by  sawing  with  a  thread  dipped  in  a  KI  solution.  Each  sample  was  chemically  etched  in  a 
10%  (by  weight)  KI  aqueous  solution  prior  to  contact  deposition.  The  ITO  was  deposited 
by  sputtering  and  was  transparent.  Au  and  Ni  were  deposited  by  thermal  evaporation  and 
were  semitransparent  with  a  transparency  of  about  .50%  in  the  visible  light  region.  Trans¬ 
parent  and  semitransparent  contacts  were  necessary  to  make  the  TSC  measurements.  The.se 
deposited  conducting  layers  formed  the  front  contacts.  Painted  colloidal  carbon  was  used  as 
back  contacts  in  all  samples.  Each  sample  was  then  mounted  onto  an  alumina  substrate  with 
the  transparent  or  semitransparent  electrode  facing  up.  TSC  measurements  were  performed 
between  7S  and  27S  K.  The  sample  was  first  cooled  to  7S  K  in  the  dark  and  then  illuminated 
through  the  front  contact  for  5  minutes  with  a  20  m\V  argon  ion  laser  beam  (operated  at 
4SS0  A).  Current  was  measured  as  a  function  of  temperature  as  the  sample  was  heated  in 
the  dark  by  a  resistive  heater.  A  DC  bias  of  12  V'  was  applied  to  the  sample  all  the  time. 
The  rate  of  the  temperature  change  was  also  recorded  as  a  function  of  temperature. 

Many  methods  exist  for  analyzing  TSC  data  to  obtain  trap  activation  energy,  and 
sometimes  also  carrier  capture  cross-section  and  trap  concentration-lifetime  product  |7].  The 
most  commonly  used  method  is  to  measure  several  TSC  spectra  with  different  heating  rates. 
For  each  heating  rate  0,  a  current  maximum  Tm  can  be  obtained.  From  a  plot  of  in(  ) 
vs.  (a  is  a  constant),  the  activation  energy  can  be  obtained.  Under  certain  assumptions, 
either  the  carrier  capture  cross-section  or  the  trap  concentration  lifetime  product  may  also  be 
obtained.  Several  disadvantages  are  associated  with  this  method:  (1)  several  TSC  spectra 
have  to  be  taken  from  each  sample.  (2)  for  each  TSC  spectrum,  only  the  TSC  current 
maximum  temperature  Tm  is  used  for  information  extraction.  (3)  quite  a  large  range  of 
heating  rates  have  to  be  used,  this  is  difficult  to  achieve  since  at  high  heating  rate,  there 
may  be  a  large  temperature  gradient  between  the  sample  and  the  temperature  sensor  and 
also  the  sample  itself  may  not  be  uniformly  heated.  In  this  study,  we  have  developed  a 
numerical  method  to  analyze  T.SC  data  using  only  one  TSC  spectrum  to  obtain  activation 
energy,  carrier  cross-section,  and  trap  concentration- lifetime  product. 

Under  the  assumption  that  traps  only  interact  with  their  respective  bands  but  not 
with  each  other,  and  that  |  ^  ^  |  (electron  traps  are  considered  here),  the  TSC  process 

is  described  by  the  following  equations, 

T,Nc<T,v,heip{-ff:)n, 

71  - - - - ^ - , 

and 

dn,  _  A\a,v,i,rip{-ff  )n, 
dl  ~  1  +  ^(1  -  t)  ’ 

where  n,  is  the  concentration  of  electrons  trapped  in  the  Hh  trap,  n  is  the  concentration  of 
free  electrons,  A,  is  the  effective  density  of  states  in  the  conduction  band.  r„  is  the  steady 
state  lifetime  of  electrons  in  the  conduction  band,  <t,  is  the  electron  capture  cross-section 
of  the  ith  trap,  j  is  the  thermal  velocity  of  the  conduction  band  electrons,  .V,  is  the  total 


concentration  of  tlie  ith  trap,  r,  =  is  the  relrapping  time,  and  is  the  activation 

energy  of  the  ith  trap. 

It  can  be  shown  that  the  shape  of  the  TSC  spectrum  resulting  from  the  above  equations 
is  determined  by  four  parameters;  heating  rate  0{T)  =  trap  activation  energy  A',, 
carrier  capture  cross-section  <7^,  and  trap  concentration- lifetime  product  iV,T„.  For  each 
experimentally  obtained  TSC  spectrum,  f3{T)  is  also  recorded,  so  that  it  can  be  treated  as 
known  and  used  for  the  numerical  analysis.  A  numerical  integration  subroutine  using  the 
Runge-Kutta  method[8]  was  written  to  solve  the  TSC  rate  equations  and  obtain  a  calculated 
TSC  spectrum  for  any  given  set  of  <7,,  and  N,t„.  From  each  calculated  spectrum,  the 
temperatures  at  which  the  TSC  current  reaches  maximum  (labeled  T^)  and  half-maximum 
on  the  low  and  high  temperature  side  of  (labeled  Tf  and  Tj,  respectively)  were  noted. 
Thus  these  temperatures  as  a  function  of  <Ti,  Ei,  and  can  be  numerically  obtained. 

TL  =  A'. r„),  E„  ;V.r„), 

From  the  measured  TSC  spectrum,  temperatures  at  which  the  TSC  current  is  maxi¬ 
mum  and  half  maximum  can  also  obtained  and  are  labeled  as  T",  T^,  and  T™.  With  these 
values,  a  three  dimensional  root  finding  problem  is  set  up,  with  three  unknowns:  E,.  and 

A',r„.  The  three  equations  are, 

(  =  0 
r'{<7.,£’..A'.T„)-r- =0 
[  n(<r.,£.,A’.Tj-T7  =  0. 

A  subroutine  was  written  to  solve  the  above  problem  using  Newton-Raphson  method 
[8].  Therefore,  for  each  measured  TSC  curve,  using  the  above  numerical  method,  the  car¬ 
rier  capture  cross-section,  activation  energy,  and  trap  concentration- lifetime  product  can  be 
extracted. 

RESULTS  AND  DISCUSSIONS 

Many  researchers  have  performed  TSC  measurements  on  Hgb.  Some  of  them  have 
tentatively  related  TSC  peaks  they  haveobserved  to  stoichiometry  [9].  energy  resolution  [10]. 
polarization  effect  [11],  and  structural  imperfection  such  as  dislocations  [12].  These  resulLs 
hav<"  bfen  summarized  in  Ref.  13,  where  TSC  peaks  of  various  workers  were  categorized  into 
eleven  peaks,  labeled  as  Ti  to  Tn. 

Fig.  1  shows  the  measured  TSC  spectrum  (dotted  line)  from  a  sample  contacted 
with  an  ITO  electrode.  Five  peaks  were  observed  and  were  labeled  according  to  Ref.  13. 
The  dominant  peak  is  Ta  and  is  analyzed  with  the  numerical  method  we  have  developed. 
The  continuous  line  is  a  calculated  fit  to  this  peak.  Fig.  2  shows  a  measured  (dotted 
line)  and  a  calculated  (continuous  line)  TSC  spectrum  for  a  Au-contacled  sample.  Only 
one  broad  peak  (Tg)  was  observed.  In  Fig.  3  are  measured  (dotted  line)  and  calculated 
(continuous  line)  TSC  spectra  for  a  Ni-contacted  sample.  Three  peaks  were  observed.  I\ 
and  Tj  were  analyzed  with  the  numerical  method.  Tg  was  not  clearly  resolved  and  wa.s 
fitted  with  parameters  obtained  from  the  ITO-contacled  sample.  For  all  three  samples,  the 
measured  7'„,  and  extracted  values  of  carrier  capture  cross-section,  activation  energy,  trap 
concentration-lifetime  product  were  summarized  in  Table  1. 

ITO  has  been  used  as  an  electrode  material  on  Hglj  to  fabricate  photodetectors. 
These  detectors,  in  conjunction  with  a  scintillator  material  such  as  CsI(TI).  Nal(Tl)  or 
DGO.  were  used  as  nuclear  spectrometers  in  a  different  approach  [14].  Instead  of  detecting 
tlie  incident  radiation  directly,  Hglj  photodetectors  detect  the  visible  light  generated  by 
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Figure  1:  TSC  spectra  from  a  sample  contacted  with  a  transparent  indium-tin-oxide  electrical 
contact.  The  dots  represent  the  measured  spectrum,  the  continuous  curve  represents  the 
calculated  spectrum. 

the  radiation  in  the  scintillators.  This  approach  takes  advantage  of  the  high  gamma-ray 
stopping  power  of  the  scintillators  and  also  avoids  the  carrier  trapping  problem  associaled 
with  llglj  nuclear  detectors  when  detecting  ganuna-rays.  ITO  contacts  have  been  shown 
to  work  better  in  terms  of  photoresponse  and  long-term  stability  than  several  alternative 
transparent  and  semitransparent  contacts,  even  though  recombination  centers  related  to  the 
deposition  of  the  film  were  found  to  degrade  the  uniformity  of  the  photoresponse  [15].  The 
TSC  spectra  from  ITO-contacted  samples  resembles  those  from  Pd-contacted  samples  in 
that  the  dominant  peak  is  T’c  [6].  Since  Pd  is  the  most  commonly  used  contact  materials,  it 
seems  that  this  trap  is  not  detrimental  to  the  device  performance. 


Figure  2:  TSC  spectra  from  a  sample  contacted  with  a  semitransparent  gold  electrical  dm 
tact.  The  dots  leprc'sent  the  meastirc-d  spectrum,  the  continuous  curve  reprc-senls  t’  cah  u 
lated  spectrum. 

All  has  also  been  used  as  a  contact  material  for  Ilgh  detectors  [Ifi],  but  not  as  widely 
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as  Pd.  The  TSC  spectrum  shown  in  Fig.  2  is  quite  different  from  that  of  Fig.  1.  Due  to 
the  large  width  of  the  peak  Tg,  a  relatively  small  activation  energy  of  0.20  eV  was  obtained. 
Previous  study  has  shown  that  the  deposition  of  Au  on  Hgl2  has  very  little  effect  on  the  PI, 
spectra  and  does  not  introduce  any  new  recombination  centers  [13].  It  seems  that  Au  should 
still  be  a  candidate  in  the  search  for  the  “best”  contact  material  for  Hgli  nuclear  detectors. 
Optimization  of  deposition  conditions  and  different  deposition  methods  shouid  be  further 
investigated. 


Figure  3:  TSC  spectra  from  a  sample  contacted  with  a  semitransparent  nickel  electrical 
contact.  The  dots  represent  the  measured  spectrum,  the  continuous  curve  represents  the 
calculated  spectrum. 

Ni  has  never  been  tried  as  a  contact  material  for  Hgl^  detectors.  The  dominant  TSC 
peak  in  Ni-contacted  samples  was  a  narrow  T5.  This  peak  has  been  related  to  mechanical 
damages  due  to  cleaving  [12|.  Cleaving  has  been  abandoned  in  the  HgD  device  fabrication 
because  it  was  believed  to  be  harmful.  Another  peak  at  89  K  {T\)  has  been  related  to 
iodine  deficiency  [9].  This  trap  is  also  undesirable  since  iodine  deficiency  in  the  sample 
has  been  reported  to  be  related  to  poor  crystal  quality  and  poor  detector  performance[lfi]. 
These  results  seem  to  agree  with  PL  studies  of  Ni-contacted  .samples.  E.vtensive  study 
of  the  correlation  between  PL  spectra  and  Uglj  device  performance  has  shown  that  oin- 
recombination  center  called  band  3  in  PL  spectra  was'  detrimental  to  detector  performance 
[13].  The  origin  of  this  defect  is  still  being  studied  but  preliminary  results  indicate  that  Ni 
is  one  of  the  suspects.  It  seems  that  nickel  is  not  likely  to  become  a  u.seful  contact  material 
for  Hglj  detectors. 

CONCLUSION’S 

ITO,  An,  and  Ni  contacts  on  Hglj  were  investigated  by  TSC  in  the  context  of  nuclear 
detector  applications.  A  numerical  method  was  developed  to  analyze  the  experimentally 
obtained  TSC  spectra.  This  study  suegested  that  the  defect  structure  in  ligD  is  strongly 
affected  by  the  contact  material. 
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Table  1:  Summary  of  TSC  results  for  samples  contacted  with  ITO,  Au,  and  Ni  electrodes. 
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ABSTR.ACT 

The  optical  properties  of  the  red  modification  of  mercuric  iodide- 
(HgJ2)  were  studied  by  ''pticul  absorption,  magnetic  circular  diebroism, 
photoluminescence  and  optical ly  detected  magnetic  resonance  invest igations . 
The  experiments  demonstrate  the  involvmont  oL  acceptors  with  energy  levi-ls 
at  F.y  +  0.14  ±  0.01  eV  and  i  0.01  eV  in  the  absorption  and 

rocombinat  ion  at  2.2  eV.  The  g  -  values  are  0.85  "nd  0.7-'*,  respect  ive  1  v . 


1,  INTRODUCTION 

The  red  modification  of  mercuric  iodide,  a  wide  l)and  gap  coiiijX’und 
semiconductor  (E  eV  at  4.2  K)  with  a  high  atomic  num!>er,  could  be  a 

promising  candi(late  for  room  temperature.  low  noise  nuclear  r.jdiatioii 
detectors.  The  detector  qualiry  is  however  severely  inllutuiced  bv  ttu- 
presence  of  stoichiometric  defects  (interstitials.  cation  rxuA  ani<Mi 
vacancies)  and  dislocations.  The  analysis  of  defect  structures  is  <iuit«. 
di^iTrrenc  from  cubic  III*V  or  II-VI  compound  semiconductors,  because  HgJ  >  is 
/in  anisotropic  layered  m.iterial  with  tetragonal  crystal  structure,  In  rlu 
letrag'-nal  unit  cell  alternating  layers  of  Hg  and  I  are  pri-sv-nt.  T-1 
interlayers  have  a  Van  der  Waals  bonds,  wliereas  Hg-Hg  and  llg- 1  aix-  covalerG 
bonded  [1]. 

For  a  charactei '  rat  ion  and  a  corr<‘lation  between  doLvcts  and  the  dett-cior 
properties  of  HgJ^  one  needs  to  know  the  atomic  and  electronic  structure  ar.il 
tlie  energy  level  po:  ition  of  the  relevant  point  defects.  In  principle  these 
informations  can  be  obtained  from  electron  spin  resonance  usin.r 

optically  detection  (ODKSR).  Tlie  lechnique.  originally  applied  for  rlio  studv 
of  colour  centres  in  alkali  halides  {2]  and  recently  successfully  appliv.'. 
for  tlie  study  of  intrin.sic  defects  in  IIl-V  semiconductors  [3.4,5].  is  hast.-<l 
on  the  magnetic  circular  dicliroism  <.f  the  absorption  (MGDK  .A  tii'.-.: 
application  to  study  defects  in  Hg.b;  will  be  presented. 


2.  KXEKR  [MENTAL  DETAIl.S 
7.\  Optic.il  nu-asMrt-t:'i-nt  s 

Th<-  M(T)  and  -ibsoi’pi  i  on  nieasur»tnent  .s  were  pi*rl\*rmi-<l  i!\  a  jn  ag.Tu- :  -  v'}>:  i  c .  1 1 

rc/s'iin  in  Farad. ly  configuration  at:  Helium  tempo  rat  ure.s  (4..-  F  ni 
H<  lii’iii  1,6  K).  The  mag.in'tir  fields  np  to  4  Tesla  Wfia  pro'.’idv.i  ’  \ 

supt  lU'onduc  t  i  itg.  .split  coil  mag,net  .  l.igbl  from  a  balog.en  lamp  w.is  tl  i  SjU- 1  ■.>  d 
b-/  .1  g, rating,  mono<lirom.it(»r  (.Si>ex.  1681).  The  t  ransi.ii  t  t  «-tl  lir.ht  was  (Ur-st..! 
bv  a  fas'  (.;<•  rman  i  urn  <letf  tor  (North  Coas^  )  using  lock-in  t  tchn  i 'pu- s .  I'ls 
citcu  ivlv  p{^lavi7»'<l  lig.ht  .«/.as  gi*nt-rat**d  by  a  stress  melulator  \tll.NnSi 
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Enctgy  (  cV  ) 


F  i  g, .  1  : 

Optical  absorption  spectrum 
of  HgJ,;,  at  T=1  .  ■>  K 


2.08  2.16  2.24  2.32 

Energy  (  eV  ) 

Fig. 2  : 

Magnetic  circular  dicliroism  (.MCD) 
for  two  different  magnetic  fields 
a)  B=2  T,  T-1.3  K;  b)  B-0,  T-1 . b  K 


working,  at  '^♦4  kHi:  in  combination  with  a  Clan  Thompson  liiu-ar  polariiter.  For 
the  optically  detected  .spin  resonance  experiments  (OI)KSR.)  the  samples  were 
motinled  in  a  cylindrical  cavity  (TF.q^.,)  with  wide  optical  access  having  a 
loaded  Q  of  3000.  .Approximately  1  W  of  microwave  power  at  24  (•Hr.  could  l>e 
delivered  by  a  Gunn  diode  amplified  by  a  t.ravellii^g  wave  tub<-  (hughes), 

In  the  Uiminescence  measurements  tlu*  sample  was  excited  hv  the  514  nm  .Ar' 
ion  Ia.ser  line  and  the  emitted  light  detected  by  a  Si-pin  <iiode  or  cooled 
phot  <jfnul  t  ipl  ier  with  SI  rt-spoitse.  Tl\e  emission  light  was  analvsed  l)v  a  iiigh 
resolution  rnonochrotn.at or  (vlarell  A.sh  23-100)  with  the  sample  in  supt'ri  luid 
helium  {<  2K)  .  The  excitation  power  w<is  normally  100  mV)  in  an  unfocussecl 

bo.-UTi . 


2.2  Crystal  growth 

crystals  have  been  grown  bv  using  the  Piper  - Fol  i sh  l  echniipie  in  a 
vertical  arrangement.  Prior  to  growth  the  ampoule  was  .submersed  into  .i 
silicon  oil  bath  (  T=-123  f  0.2  ).  After  temperature  lu'mogene  i  ::a  i  i  on  the 

.imfxnile  with  its  self-reeding  conepart  was  pulled  out  of  the  nil 
through  a  heater  witli  a  transport  rate  of  I  mm  jut  dav,  '!he  he.ifer 

temperature  was  kept  at  120  *•  0.2  ^C.  wfiich  i.s  below  the  hgl  >  ph..i>.e 

transition  temperature  of  127  Ulu'n  the  spike  of  the  cotie  v.ns  10  mm  ahov. 

the  oil  surface,  a  <jeed  crvstnl  was  formed.  Tlie  central  cone  of  the  ingot 
was  single  crystal  capped  either  witli  one  or  several  mirror  like  lacct.s, 

A  huctu-s.sful  crvst/il  growth  nee<l.s  high  puritv  .starting  n.i'eii.ds,  it*'  }•. 
dried  Hg.I^  powdi  r  wa.r  placed  in  quartr.  glas  tube  and  ev.u'u.ited  at  •'><)  '*('  jto.- 
12  h.  Tills  procedure  wa.s  followed  bv  a  fourfold  sublim.ttion  in  .i  .stjurate 
qua  r  t 1  ar;  ttibc-.  whiclt  w.ts  fixed  to  the  growth  .urpoulv.  .About  •vi  ,■  \,i 
purified  Hg.f  >  w.ns  t  ran.sport  ed  intti  the  growth  ampoule,  wliicli  w,.e  .e,-p,- r.. :  ^  v! 
1  ro'.ti  !  l.e  t  uhf’  bv  fiealitii',-  A  tle-.-i  at  i  tni  from  .s  l  o  i  ch  i  oi:Kt  j  v  w.i.e  n-t  .i  uia  2.  bv 

cheiii  i  c,i  1  .fU.i  1  v;  i  .  'lvpi<al  coiripos  i  f  i  <in  range  for  llg.l  w.i-.  b,  t.sten  !  c-’c  ,i 

1  up,’  dept-nd  i  rig.  c/ii  the  pttr  i  f  i  c  at  i  on  .and  growth  con<!ttion.s 


K.Xl'i.RlMKN’rAl.  HKSl  i.T.S 

Ah'.nrpt  i  t>n  .,nd  ,l> 

In  I  i  r,  1  nptji'.il  .ibvnrjuion  -spectrum  me.i-uti  .d  i  a  K  i 

•  ih.'.nj  jir  ion  h*  lf)W  b-and  g.ip  is  .smoofhlv  v.trvinr.  Theta-  .ii.  r  »  ie.[>,. 
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Fif,.3  : 

Opclcally  detected  magnetic  resonance 
(ODF.SR)  recorded  at  the  cV  MCD 

band.  i'Mz .  100  mW,  T«1.5  K 


Fig. 4  ; 

ODFSR  exc  lent  ion  spec t  rism 
by  monitoring  tiie  ?.()?()  ml 
ODKSR  line 


oi  absorption  bands  in  the  range  from  2  eV  to  1.4  cV.  We  iu»:e,  l\uv«.v*  r.  tii,: 
the  absorption  spectrum  rapidlv  increases  at  2.2  eV  and  1..  s  a  high  opt  ical 
density  of  1.8  already  at  2.3  eV.  whereas  the  band  gap  energy  is  2.3/  eV , 
This  could  indicate  that  defects  which  ftave  their  transitions  close  to  *he 
band  gap  energv  might  be  present  in  a  considerable  amount. 

The  MCD  measures  the  difference  of  the  left  and  right  circularlv  polarir-d. 
ab.sorption  in  the  magnetic  field.  For  a  paramagnetic  defect  tin-  MCD 
intensity  is  field  and  temperature  depend(-nt  {21.  Clearly  an  ai>sorption  bac.d 
i.s  seen  in  the  MCI)  spectrum  measured  at  2  T  and  \.b  K  (tig. 2. a).  The 
line.shapo  is  asymmetric  and  seems  to  be  a  superpos i  t  ioji  of  two  bands  veiling 
at  the  (nergie.s  of  2.235  eV  (A)  and  2.250  eV  (B)  indicated  bv  arrow.s  In  fig. 
2 

The  total  MCD  starting  at  2.16  eV  is  paramagnetic  (  measurement  at  0  Ttsla. 
fig,  2b).  The  Intensity  is  also  reduced  by  raisiiig  the  temperature,  i.c.  it 
i.s  at  half  of  its  value  for  ^t.  2  K  and  2  T,  tiius  showing  the  P-ol  t  rman.n 
population  difference  in  the  ground  state.  This  opens  the  possihilty  to 
perform  optically  detected  magnetic  resonance. 


3,2  ODFSR  and  ODKSR  excitation 

The  ODKSR  is  meastired  by  setting  the  monochroirator  to  t  lu  iim.s i iru::'.  ^  : 
tlu-  Mcl)  band  at  2.26  cV  and  .sweeping  ti\e  magnetic  field  uii'U  j  voi;:  inou*. 
irradiation  witii  24  CHz  microwaves.  Tlie  observed  two  rtusonances  tir.,'* 

occur  as  decrease.';  in  tlie  magnetic  field  depetuient  incrra.se  i>i  tlu 
Tiu'ir  field  positions  are  at  2020  mT  (A)  and  2320  tisT  (B).  N<'i;hvr  at  lovrr 
nor  at  higher  fields  (<  4  T)  we  observi-  additional  lesoiKUK'r.s  Tiie 
coulil  only  he  measured  for  a  <’rvstal  orientation  par.tlU'l  the  i-  axis  d.iu 
to  tlu'  birefringence  caused  by  tlio  tetragonal  crystal  structure  (.  field-  .ud. 
temperature  -  independe  nt  di chroi sm  ) . 

The  spectra  of  the  MCI)  bands  giving  rise  to  the  s  i  g.na  1  s .  e.  c.  icsonaiuu' 
at  2020  mT ,  are  me.isured  hv  a  low  f  re«|uincy  on/oti  imkIu  I  ,i  •  i  on  ot  Us 
mi  r  rowave.s  and  .scanning  th(‘  optical  excitation  energv.  This  <:<c  i  t  1  i  o; , 

spectrum  is  .shown  in  fig. 4.  In  comparison  to  tiu‘  total  M<d)  litssh.ipe  s.  t  i  r, 
2a)  it  CcUi  be  .seen  that  the  defect  responsible  fOi  the  .A  le.sonaiue  ..bs^U", 
only  in  the  low  energy  part  of  the  total  MCD.  The  low  eiu-rg.v  vuea-t  ol  Us* 
ODKSR  excitation  spectrum  of  rt-sonance  A  is  at  2.22  eV.  vhivl:  will  b»  U;< 
Ijasir;  of  the  en<  rg,v  level  determination. 
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Fig.!)  : 

Phocoluminescence  spectrum  for 
HgJ^  'It  T=1.6  K  for  Ar^  ion 
lns€*r  excitation  (31AI?  A) 


F  i  g .  6  : 

Comparison  of  the  photoluminc'.sccnce 
and  MCD  spectra  of  the  2.2  eV  tran.sitioii 


In  a  similar  way  it  can  be  shown  that  the  high  energy  part  oi  the  MCD 
(maximum  at  2.26  eV)  is  caused  by  the  defect  responsible  for  resonance  B, 
Its  energy  onset  is  at  2.30  eV. 


3 . 3  Photo  luminescence 

In  the  Low  temperature  PL  measurements  three  luminescence  band.s  show  up 
(fig. 5).  The  one  close  to  the  band  gap  at  2.33  eV  is  believed  to  be  due  to 
an  oyAtonic  transition  jfelj.  The  luminescence  at  2.2  eV  with  a  half  width  ot 
50  meV  dominates  in  all  of  our  samples  cut  from  differetit  regions  of  the 
boule.  At  1.84  eV  (HW=120  meV)  a  third  emission  band  is  located.  By  cha?iging 
tiie  excitation  power  over  more  than  three  decades  ^ i 

bands  at  2.33  eV  and  2.2  eV  increase  linearily  in  intensity  without  nny 
indications  of  .sat.ural  iorn  Both  showed  a  strong  suhl  inear  i)eiiav  Lovir .  The 

2.3  3  cV  band  has  a  slope  of  0./  ±  0.0!)  and  the  band  at  2.2  eV  a  slope  ol 

0.56  ±  0.03.  For  donor •  acceptor  and  band-acceptor  transit  ion.s  slopi  s 

of  the  order  of  1  are  ti.sually  foutid.  Tlie  remarkable'  deviations  from  I  are 
indications  of  strong  non-radialive  processes.  We  observe  a  clear  shiir  oi 
the  maximum  of  the  2.2  eV  band  to  higher  energies  when  increasing  rliL- 
excitation  power.  This  behaviour  indicates  a  donor-acceptor  p.aii 
recombination.  With  respect  to  the  2.2  eV  band,  which  is  of  prime  intere.st 
here,  we  can  state,  lliat  the  PL  results  give  strong  evidt-nce  for  donor* 
acceptor  pair  recombination.  From  a  comparison  of  tlie  PL  and  M(2D  hands  wi 
will  show  that  in  ])oth  cases  the  same  acceptor  is  involved. 


4,  INTK.KPRF.TATIOM  AND  DISCUSSION 
4 . 1  MCD 

We  observe  the  F.SR  laggg»d  MCI)  band  just  below  the  hand  gap  eturg.v.  Tht 
svnimetries  of  the  g^remnd  ant!  the  excitet!  state  are  iiiiportatu  tm  tlu*  MC[> 
line  shape,  As.suming,  an  ionisation  transition  to  the  conducr  ion  han.d  tla 
origin  of  the  MCD  we  have  a  state  with  T2  symmetry  as  th.e  ground  state 
.irrept  oi' )  wherea.';  tlie  conductiori  band  has  svmmetrv  For  a  1’,  to  , 

‘r.tiisition  we  (xpert  a  sing.h-  MCI)  band  with  a  tiausj.ian  line  i.li.if^e  tei 
irculeiMte  elet’tron  phimon  coupling.  Indi'Ofl  the  MCI)  ‘.liap«'  teun.il  is  \s  ]  v 
.iiiiilar  to  the  l>otin<l  to  free  ioni;»afion  transition  of  tlu  MtC*  (.Mil  '  Ms"  ♦ 
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‘"ch)  in  GaAs  {3],  the  EK2  double  acceptor  in  CaAs  and  the  intrinsic 

cation  antisite  defect  in  GaSb ,  also  acting  as  double  acceptors 
In  all  cases  the  sharp  low  energy  threshold  could  be  used  to  d»‘i  I'lini  ne  the 
binding  energy  to  be  ^  '  ^tr  ^  ^a‘  onsets  of  tlie  OPESR 

excitation  bands  which  we  attribute  to  the  electron  ionisation  transitions 
of  the  acceptors  A*  -->  A°  +  a  binding  energy  of  140  f  in  meV  and  130  t 

10  meV  can  be  inferred. 

In  order  to  observe  a  paramagnetic  MCD  in  an  ionisation  transition  to  the 
conduction  band  the  acceptor  must  be  a  double  acceptor  witlt  two  levels  in 
the  gap.  Single  acceptors  giving  rise  to  a  transition  A*  -->  A^^  +  have  a 

non-paramagnetic  ground  state.  This  considerably  narrows  the  possibiltics  of 
which  cheinical  origin  the  acceptor  is.  Those  could  be  the  group  V  eleinents 
(N,  P,  As,..)  on  the  Iodine  side.  With  respect  to  the  hg  side,  a  lib 
element,  no  extrinsic  impurity  can  act  as  a  double  acceptor.  .Although  Hg.J^ 
is  a  very  impure  semiconductor  (impurity  content  10^®  <?lec trical  1  v 

active  traps  are  found  only  in  the  range  10^^  to  10^^  cm'^.  implying  that 
most,  impurities  arc  not  electronically  active.  Nonmetallic  impurities  such 
as  C,  Cl  and  Br  are  present  in  the  l-lOO  ppm  range,  more  important  in  the 
10-50  ppm  range  are  the  metallic  ones  such  as  Na ,  K.  Ca ,  Al  and  Vc .  Na  and  K 
are  single  acceptors,  Fe  could  act  as  a  donor  and  an  acceptor,  but  should 
have  completely  different  optical  and  magnetic  properties  (7’.  The  best 
candidate  is  an  intrin.sic  defect  acting  as  an  acceptor. 

The  problem  which  defects  are  present  in  non-stoichiomotric  Hg-lQ  is  still 
under  discussion.  Frenkel  as  well  as  Scliottky  di.sorder  on  the  iodine 
defficient,  i.c.  Hg  ricli  side,  would  produce  Hg-  and/or  interstitials, 
both  supposed  to  act  as  donors.  V..  arc  expected  to  dominate  ocj  the  iodine 
rich  side  (we  neglect  for  the  moment  antistructure  di.sorder  for  whicli  .sofar 
no  experimental  evidence  is  presonted) .  For  the  slight  deviations  from  the 
stoichiometric  composition  of  7,  ns  found  in  our  crystals.  Vj.  can  still  be 
pre.sent.  The  observation  of  two  ODFSR  resonances  with  slightly  different 
excitation  spectra  would  V>e  in  line  with  the  two  possible  sites  of  the  V||,, 
in  the  tetragonal  crystal  structure  of  HgJ2- 

The  presence  of  negatively  charged  Hg  vacancies  in  HgJ  ^  is  al.so  interred 
from  positron  annihilation  studies  {8j. 


4 . 2  Pliotoluminesconce 


The  PL  experiments  indicate  donor-acceptor  recombinat ion  tor  lUo  7.7  eV 
emission  band.  In  fig. 6  we  compare  the  spectral  positions  of  the  PL  In-iiui 
with  the  ESR  tagged  MCD  hand  (bound  to  free  transition).  Ve  note  that  tlu 
maximum  of  the  PL  band  coincides  wirl)  the  onset  of  the  MCD  band.  This  could 
imply  for  a  D-A  recombination  that  the  shallow  donor  binding  vnergv  very 
small.  For  a  comparison  with  the  experiments  we  calculated  witlun  tlu 
effective  mass  theory.  (FMT),  both  the  shallow  donor  atul  siuillow  acceptor 
binding  energies, 

For  the  shallow  EMT  acceptor  we  obtained  E^=34.b  meV.  tor  the  donor  hltuUnp 
f-nergy  10.7  meV  [ ]  . 

For  a  D-A  recomb  i^nat  ion  th(-  peak  po.sition  of  the  PL  hand  (luglect 


coulombic  etfoct.s  is  given  by  Kpj  «  '^'D  '  ^'A '  band  of  tli 

effective  mas.s  donors  and  acceptors  sliouTd  be  at  7.i7')  eV .  For  th 
1  urn  i  lu'-scence  at  2.7?  eV  wt'  calculate  with  Kj^=10./  meV  an  aceuptoi  bir.diiu' 
energy  of  140  meV.  Compared  (o  the  KMT  value  of  14  nu-V.  tlu- 
.iceeptor  is  In  betweiM\  an  shallow  and  deep  level  defect. 
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^4  .  3  ODESR 

Reflection  measurements  and  their  group  theoretical  interpretation  gave 
for  HgJ2  the  ordering  of  the  valence  subbands  Ty’,  (separated  by  the 
crystal  field  energy  of  0.19  eV)[10].  We  thus  have  to  asign  the  resonance 
taking  place  within  the  Ty"  state.  For  a  pure  J=l/2  state  (L=l,  S=l/2)  we 
get  the  Lande  g-value  of  2/3=0.66.  Experimental ly  we  find  our  g-values  at 
0.85  and  0.74  not  far  above  that  value.  The  absence  of  any  hyperfine 
interactions  (hf)  with  neighbouring  nuclei  (iodine  has  1=5/2)  is  in  line 
with  the  shallow  nature  of  the  defect  (delocalised  wavefunction) .  For  a 
deep,  highly  localised  defect  state  we  expect  the  g-values  around  2  and 
ro.solvod  hf  interactions. 


CONCLUSION 

Optical  absorption,  magnetic  circular  dichroi.sm,  phofolumine.sciMice  aiKl 
optically  detected  magnetic  resonance  invest  igat  i  ons  hav'e  been  performed  to 
study  the  absorption  and  recombination  of  tlie  2.2.  eV  batul  in  Hg.T2-  They 
show  tlie  presence  of  an  acceptor  levels  at  +  0.14  eV  and  f  0.15  eV.  In 

the  MCD  spectrum  the  bound  to  free  transition  (A*  --> 

monitored,  the  photoluminescence  is  consistent  with  a  .shallow  donor 
acceptor  recombination.  Based  on  the  magnetic  properties  of  the  defect,  the 
paramagnetism  of  the  ground  state  as  well  as  the  spin  re.sonance  data  we 
conclude  that  most  probably  a  Hg  vacancy  is  involved. 
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Abstract 

1  ZnO  films  were  deposited  on  Si02  by  reactive  sputtering  using  a  D  C.  magnetron 
gun.  The  microstructure,  orientation  and  chemistry  of  the  deposited  layers  were  exam¬ 
ined.  It  IS  shown  that  the  oxygen  partial  pressure  plays  an  important  role  in  the  structure 
of  the  layer  through  a  mechanism  of  surface  diffusion. 


INTRODUCTION 

Zinc  Oxide  films  have  aroused  increasing  interest  in  recent  years  due  to  their  potential  use 
in  acousto  and  electro-optic  device  technology.  The  integration  of  surface  acoustic  wave 
(SAW)  devices  and  silicon  technology  requires  the  deposition  of  a  piezoelectric  material, 
such  as  ZnO,  on  oxidized  silicon  wafers.  The  advantage  of  ZnO  relative  to  other  piezoelec¬ 
tric  materials  stems  from  it’s  low  price  and  from  the  possibility  of  depositing  it  on  many 
kinds  of  substrates.  More  important,  ZnO  has  the  strongest  piezoelectric  coupling  effect 
of  any  ferroelectric  material. 

Several  models  were  developed  to  predict  the  effect  of  the  sputtering  parameters  (pressure 
and  temperature)  on  the  film  structure.  The  best  known  are  those  of  Thornton  T]  and 
.Mazor  et.  al.  [2].  These  models  do  not  apply  in  the  case  of  sputtering  in  a  reactive 
atmosphere  at  relatively  low  deposition  rate  (s:  0.3/rm/A),  conditions  which  are  mostly 
used  for  the  sputtering  of  piezoelectric  Zinc  oxide  films  ;3l. 

The  purpose  of  the  study  reported  here  is  to  find  the  effect  of  the  deposition  parameters  on 
the  stoichiometry,  morphology,  and  crystallography  of  the  growing  layer.  The  structure  of 
ZnO  sputtered  layers  was  studied  by;  Transmission  Electron  Microscopy  (TE.M),  Scanning 
Electron  Microscopy  (SEM),  X  -Ray  Diffraction  (XRD)  and  Auger  Electron  Spectroscopy 
(AES). 


EXPERIMENTAL  PROCEDURE 

Sample  preparation  and  rharaeterizatioii 


ZnO  films  were  deposited  by  reactive  spiillering  on  (  luiiiSI  substrates  coated  with  lOOOA 
of  SiOj,  using  a  high  purity  Zn  plate  ( )  as  a  target  and  a  gas  mixture  of  Ar  O2 
(20  80  vol.%)  at  7.5rntorr.  Both  gases  were  .OO.OfMVT  pun*  and  the  desired  oxygen  partial 
[>ressure  in  each  experiment  was  inoniloreti  by  a  mass  Ihnv  <unt roller.  I'lu'  growtii  rate  was 
measured  hy  an  Inficon  thickness  monilor. 
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A  d.c.  magnetron  gun  was  used  for  the  depositions  in  a  discharge  power  range  between 
lOOVV  and  250W. 

The  sputtering  chamber  was  pumped  down  to  5  •  10“^  torr  before  the  02/Ar  gas  mixture 
was  introduced.  The  target  was  presputtered  for  about  20min.  prior  to  the  deposition. 

The  ZnO  film  thickness  was  measured  by  an  a-step  gage.  Subsequently,  a  thin  A1  film 
(2000  A)  was  deposited  by  sputtering  on  the  ZnO  layer  and  interdigital  electrodes  were 
then  made  by  conventional  photolithography,  on  the  samples  that  were  found  to  be  well 
c-axis  oriented  with  a  close  structure  and  smooth  surface. 

The  stoichiometry  of  the  ZnO  layers  were  studied  by  Auger  spectroscopy  and  compared  to 
a  standard  ZnO  sample. 

Cross-section  and  edge-on  samples  were  examined  using  TKM  in  order  to  resolve  the  grain 
structure  and  orientation.  In  addition  an  X-ray  diffractometer  (CuKa-radiation)  and  SEM 
were  used  for  this  purpose. 


Electrical  measurements 

The  resonant  system  of  the  interdigitat  transducer  (IDT)  had  the  following  parameters; 
IDT  period  (equal  to  the  wavelength  of  surface  Rayleigh  waves)  X  -  60/xm:  electrode  width 
d  —  A/4  —  15/im;  acoustic  aperture;  u  =  oOA  =  3mm;  IDT  length  1  —  mA  —  12mm;  and 
the  number  of  the  electrode  pairs  was  m  -  200. 

Return  loss  response  of  our  resonator  was  measured  with  a  spectrum  analyzer.  The  fre¬ 
quency  spectrum  reveals  a  clear  resonant  shape  due  to  the  piezoelectric  properties  of  ZnO. 
The  main  resonant  frequency  was  K  ~  78.96MHz  and  corresponds  to  the  acoustic  wave 
velocity  v  ~  Xu,  =  4.7  •  10®  cm/s.  The  last  value  is  close  to  the  calculated  one  for  Rayleigh 
surface  waves  at  given  parameter  q  [4,  5). 


EXPERIMENTAL  RESULTS 

a.  Stoichiomet ry 

Fig.  1  shows  the  AES  compositional  depth  profile  for  a  sample  that  was  deposited  using 
sputtering  power  discharge  of  lOOW  in  an  atmosphere  of  20%  voL02-  J  lie  eoncentraf 
were  calibrated  using  a  standard  ZnO  powder.  Since  the  eomposUiun  through  the  thickness 
is  constant  the  measurement  was  stopped  before  the  interface  was  reached.  It  can  l)e  seen 
that  the  obtained  film  is  relatively  free  of  impurities,  l  lie  O  Zn  ratio  was  calculated  ami 
was  found  to  be  0.8.  Further  enlargement  of  the  discharge  power  to  I50U  increased  tlie 
O/Zn  ratio  to  I.O. 

The  stoichiometric  composition  of  the  ZnO  was  maintained  even  with  furtlu*r  increases  of 
the  discharge  power  up  to  250\\  .  In  oilier  worsts.  ah-'A*-  a  c<*rtain  pnwer  all  iilms  have 
stoichiometric  composition  which  is  indepemlent  of  tht*  t  ompositious. 
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Figure  1:  AES  compositional  depth  profile  for  a  sample  sputtered  at  2{i%vol.  O2  and 
discharge  power  of  lOOW 
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Figure  2:  X-ray  diffraction  spectra  from:  a.  bulk  ZnO  powder  b.  from  ZnO  films  sputtered 
at  150W  at  different  oxygen  concentrations 


b.  Orientation 


ZnO  has  the  structure  of  wurtzitc  -  hep  structure  in  which  half  of  the  tetrahedral  intersli 
tials  sites  are  occupied.  In  order  to  receive  high  piezoelectric  effect  (high  coupling  factor) 
the  film  must  grow  highly  oriented  with  it's  c-axis  perpendicular  to  the  substrate. 

Fig.  2a  shows  X-ray  diffraction  spectra  using  Cu  K„  radiati<»n  of  hulk  ZnO  powder  (99^‘(  ). 

In  our  ZnO  sputtered  film  the  (0002)  peak  was  the  str<nigest  peak  and  in  most  cases  the 
only  one  (In  such  cases  (0004)  was  also  <lrtecte(l).  Fig.  ‘Jb  sh<»ws  the  effect  of  oxvgeii 
concentration  at  constant  total  pressure  and  at  loOU  .  "u  t(u‘  '‘rient at imi  of  the  grown 
layer. 

It  ran  be  seen  that  for  oxygen  concentrations  above  20' »?•<»/.  both  peaks  of  (1011)  and 
(1011)  do  not  exist.  At  20%7;o/.  O2  a  weak  peak  of  {1010}  plane  was  delected. 

Such  X-ray  measurements  were  done  with  all  the  samples. 


Figure  3:  Tlie  influence  of  the  Oj  concentration  on  the  structure:  a.  20%vol.  O2 
mivol.  O2  c.  S0%voL  O2. 

The  results  showed  that  highly  oriented  films  were  obtained  above  20%  ro/.Oj  at  discharge 
power  range  100-200W.  A  partial  volume  of  80%vo/.  O2  was  needed  at  the  power  of  250\V 
to  obtain  a  well  oriented  film. 

c.  Structure 

The  SEM  investigation  of  cross-sectioned  samples  revealed  that  the  films  grew  in  a  colum¬ 
nar  structure,  with  the  columns  perpendicular  to  the  substrate  surface. 

Fig.  3  shows  the  effect  of  the  O2  concentration  on  the  resultant  structure  at  a  given 
discharge  power  of  200W.  When  20%ijo/.  of  oxygen  (fig.  3a)  was  used  the  resultant  structure 
con.sisted  of  columns  with  an  open  structure.  As  the  concentration  was  raised  a  denser 
structure  was  resulted  (fig.  3b,  3r).  This  type  of  behavior  was  ol)served  at  all  otlier 
discharge  powers.  At  250W,  however,  the  resultant  film  was  covered  with  flakes  that  were 
analysed  by  AES  to  be  ZnO.  Tfie  flakes  originated  from  the  material  dejjosited  on  the  gtin 
shield  .This  phenomena  was  reported  by  Maniv  6;.  I'lie  column  width  was  0.2  0.5  firu.  .\ 
denser  structure  leads  to  a  smoother  surface  which  is  essential  for  S.WV  devices. 

FEM  investigation  of  cross-sectioned  specimens  revealed  that  the  columnar  grains  do  not 
grow  directly  on  the  substrate  (fig.  1).  An  intermediate  layer  of  equiaxed  grains  grows  on 
the  .sub.strate  and  columnar  grains  dev<*lop  on  it. 

Fig.  '1  is  an  example  <jf  this  behavior,  it  appears  tli.'t  .t>  tin*  oxvgeii  concentration  is 
raised  the  thinner  this  equiaxed  grains  layer  is.  \\  li<ui  tins  area  is  inspected  clos^'ly  (higher 
magnifications)  one  can  see  that  rotational  Mo’*  •  patterns  occurred  between  many  pairs 
of  grains.  I  his  implies  that  there  is  only  a  slight  angular  r(»tation  bet  ween  the  orientations 
of  the  grains.  Selected  Area  Dilfractioji  (SAD)  taken  from  this  layer  showed  the  existence 
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Figure  4:  TEM  image  of  cross  sectioned  sample  sputtered  at  lOOW:  a.  20%Ojuo/.  b. 
50%O2Vot.  (the  arrows  point  the  directions  of  growth) 

of  preferred  orientation. 

During  the  deposition  a  large  concentration  of  planar  defects  were  formed  (the  SAD  pattern 
taken  from  this  area  had  verified  that).  The  columnar  grain  width  measured  from  the  TEM 
images  was  found  to  be  40-  200nm.  The  big  differences  between  this  measurement  and 
that  of  column  width  (Fig.  3)  suggests  that  each  column  consist  of  several  grains. 


DISCUSSION 

Tlie  results  of  this  study  show  that  the  microslructure  and  crystallographic  orientation  of 
reactively  sputtered  ZiiO  films  depends  on  the  oxygen  partial  pressure  and  on  the  discharge 
power. 

The  AES  results  have  demonstrated  that  in  order  to  obtain  stoichiometric  ZnO  a  discharge 
power  grater  than  lOOW  is  needed.  This  effect  of  the  discharge  power  on  the  0  Zn  ratio 
was  observed  by  Brett  et  al.  i7'.  They  explained  the  enhanced  film  oxidation  as  a  re¬ 
sult  of  increased  discharge  pf>wer.  through  a  mechanisnis  of  preferential  resputtering  and 
evaporating  of  Zn,  and  by  activation  of  oxygen  species. 

The  oxygen  partial  pressure  plays  an  important  role  in  governing  the  depositifui  rate.  By 
increasing  the  oxygen  partial  pressure  from  vol .  to  2tt^  i  ?•»»/.  at  discharge  power  of  150\V 
for  instance,  a  decrease  in  the  deposition  rale  fri'in  2.^n/n  min  !«•  Wniii  mm  was  observed 
(these  changes  in  deposition  rale  were  approximately  thr«‘e  times  larger  than  tlie  changes 
in  the  film  density).  At  higher  oxygen  content  the  rat<*  decreases  and  remains  almost 
constant  beyond  50%  vol.  The  reduction  in  the  deposition  rale  as  oxygen  is  added  may 
be  due  to  the  formation  of  negative  oxygen  ions  which  trap  electrons,  thereby  producing 
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liigher  plasma  impedance,  low  ion  current  and  hence  lower  sputtering  rate.  Furthermore, 
the  negative  ions  do  not  contribute  to  the  sputtering  yield  [8]. 

There  are  two  main  factors  which  govern  the  structure  of  a  sputtered  thin  film:  a)  geomet¬ 
rical  shadowing  of  the  incident  beam  by  protruding  parts  of  a  growing  surface;  b)  surface 
diffusion  [9].  It  was  argued  qualitatively  [l]  that  the  shadowing  dictates  a  morphology 
of  low-density  columnar  grains.  Introducing  surface  diffusion  allows  the  development  of 
wider,  smoother  uniform  columnar  grains. 

During  the  entire  experiment  the  substrates  were  cooled  to  room  temperature.  However, 
in  sputtering,  the  arriving  species  acquire  enough  kinetic  energy  for  surface  diffusion  to 
occur.  It  is  suggested  that  at  high  deposition  rates  there  is  not  enough  time  for  the  atoms 
to  diffuse  on  the  surface.  In  such  a  case  a  structure  of  low'-density  tapered  columns  with 
domed  tops  is  obtained  (fig.  3). 

When  the  deposition  rate  is  lowered  by  increasing  the  O2  content  the  surface  diffusion 
becomes  more  effective  and  smoother  and  wider  columnar  grains  are  formed. 

The  lack  of  surface  diffusion  explains  the  phenomena  of  cquiaxed  grains  layer  (fig.  1). 
When  the  diffusion  rate  is  relatively  low  it  takes  a  longer  lime  for  the  atoms  to  arrange  in 
an  energetically  favorable  way  (c-axis  perpendicular  to  (he  surface)  which  will  lead  lo  llie 
growth  of  columnar  grains.  Thus  whenever  there  is  enough  time  for  surface  diffusion  to 
occur,  this  equiaxed  grain  layer  is  relatively  thin  (fig.  4b).  The  thinner  this  layer  is.  iln* 
better  the  orientation  is  and  the  XRD  results  have  verified  that. 

In  the  case  of  reactive  sputtering  at  relatively  low  deposition  rates  the  oxygen  partial 
pressure  plays  the  role  of  the  temperature  in  the  zone  model  of  .\Iovchan  ami  Denuhishin 
[10]  by  governing  the  surface  diffusion. 
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